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ABSTRACT

The feasibility of using an innovative earthquake resistant
construction technique to improve the earthquake resistance of
buildings was 1investigated. The technique, called the Friction
Pendulum System (FPS), uses steel <connections to seismicalily
isolate the buildings using small amplitude pendulum motions. The
anticipated seismic performance of building s*tructures wusing the
FPS steel <connections was investigated  using analytical and
experimental studies, Buildings designed to have approximately
equaivalent construction costs as conventional building designs were
studied. The earthquake response of the FPS supported buildings
were compared to those of conventional code design.

The FPS was assegssed to be a feasible and cost effective
construction techuique for improving the seismic resistance of new
buildings, The flesihility to select any isolator period makes the
approach suitable to a wide range of applications. The compact
size and high strength of the FPS isolators, permits a versatility
of installation details which helps to achieve construction which
is cost equivalent to non-isolated buildings, vet pravides
substantially improved seismic resistance. A cost equivalent
example building, designed with the FPS and a reduced seismic
design load of 50%, demonstrated B86Z less building damage during
severe earthquakes as compared to the full strength design without
the FPS.

The FPS was also assessed to be a feasible and attractive
technique to improve the seismic resistance of existing hazardous

buildings. The flexibility to achieve relatively long isolator
periods of 3 to 4 seconds offered improved performance for the
cases of weak buildings studied. The compact size and high

strength of the FPS iscolators also offered advantages in retrofir
details.

Model size FPS isolators were tested at velocities up to 20

inches/second, and at varied pressure loads. They consistently
achieved ideal linear stiffnesses and dynamic friction coefficients
of less than 5%, Analytical studies of example building cases

showed that the shear loads, story drifts, ductility demands, and
structure inelastic energy dissipation in FPS supported structures
were substantially reduced as compared to similar structures
without the FPS, The studies showed that the tcrsion motions
occurring in asymmetrical structures with large mass eccentricities
can be substantially reduced using the FPS. The FPS offers the
potential to improve the seismic performance for a wide variety of
structures.
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1.1 Introduction

The Friction Pendulum System (FPS) is an innovative approach for
improving the earthgquake resistance of structures. Structures
supported on FPS connections respond to earthguake ground motions
as would a simple pendulum. These simple pendulum motions are easy
to controcl and predict. The feasibility of using the FPS approach
to improve the earthquake performance of buildings is examined in
this report.

The feasibility of using the FPS in new building construction in
a cost effective manner is examined in Chapter 2. The feasibility
of using the FPS approach to improve the seismic resistance of
existing hazardous buildings is examined in Chapter 3. The
feasibility assessments are based on the technical perfarmance
evaluations presented in Chapters 4 through &. In each of these
chapters a specific technical issue is investigated. The
conclusions, references, and figures pertinent to the issue are
presented at the end of each chapter.

This report summarizes the results of the Phase I research
spaonsored by the National Science Foundation, Small Business
Innovation Research Progran. Consistent with the feasibility
assessment objectives of the Phase I program, simple examples and
laboratory tests, and simplified analytical models are used to
assess the overall performance characteristics of the FPS. The
simple building examples, tests and analytical models have the
benefit of being both instructional and illustrative of the
anticipated overall behavior of buildings supported on FPS
isolators. More detailed investigations of different building
types, localized structural behavior, and the response to varied
earthquake loadings are planned for the FPhase II progran.

1.2 Identification Of The Need

It has been estimated that a major earthquake occurring in a
large metropolitan area in the U.S. could result in upwards of 70
billion dollars in damages and in tens of thousands of fatalities.
Even more moderate seismic events can cause collapse c¢f existing
hazardous buildings, damage to new buildings, business
interruptions, and disruptions of wvital public services, all of
which have been proven to have profound long-term impacts on the
economic and social well-being of the affected communities.
Because of this, considerable research has been performed to
develop reliable techniques tc design and analyze earthquake
resistant structures.



Studies by the U.S5. Geological Survey (USGS) have indicated
that earthquake shaking can produce forces in structures 10 to 20
times higher than those currently used in building design.
Economic considerations have lead to a design approach for
conventional buildings which relies on inelastic energy
dissipation, rather than strength, as the means of resisting the
effects of such large earthquakes. As a result, properly designed
and constructed buildings would remain standing following a major
earthquake, but substantial damage to the structure and to contents
would be anticipated. Research on these types of structures has
shown the need for costly details and construction practices in
order to achieve the desired behavior.

During the past decade, greater focus has been placed on
developing design strategies which reduce the need for costly
structural details while providing greater protection against
damage to the structure and contents. With this in mind, a variety
of seismic isolation systems has been proposed in which the
structure is supported on components or devices which
preferentially modify the dynamic characteristics of the supported
structure and/or 1limit the amplitude of forces which can be
transmitted from the ground into the structure. By reducing the
dynamic response of the structure, lower design forces may be
considered, seismically induced deformations and damages can be
reduced, and critical contents (such as those involving toxic
chemical or bioclogical operations, data processing and
telecommunications equipment, and high technology manufacturing
facilities) may be economically protected from earthquake damage.

An important application of the seismic isclation approach
relates to the mitigation of hazards pcsed by structures built
prior to the development of nodern design and construction
practices. Reduction of seismic deficiencies in such structures
using conventional means, is not onl, technically difficult and
costly bhut is highly disruptive to the building occupants. The
applicability of seismic isclation technigques to existing
seismically hazardous buildings appears promising due tec the
possible reduction in design forces and the localization of the
structural modifications to one floor level. However, improved
methods for earthquake resistant construction of new or existing
buildings which increase the cost of construction are not widely
used in the building industry.

1.3 Background

The Friction Pendulum System (FPS) is an innovative seismic
igsolation system which appears to offer improvements in strength,
longevity, versatility, ease of installation, and cost as compared
to previous systems. Moreover, the approach adds several inherent
performance benefits not available before. The FPS is based on



well kXnown engilneering principles and is constructed of
conventional materials with demonstrated longesvity and resistance
to environmental deterioration. The desirable isolation
characteristics exhibited by FPS components hold the promise of an
economical and effective system for significantly increasing the
seismic resistance of new structures and for substantially reducing
the earthquake hazards posed by existing structures. In order to
achieve the potential benefits of this and other innovative
systems, careful attention must be placed on econonic,
architectural and construction aspects as well as on the more
traditional technical issues.

The Friction Pendulum System (FPS}) offers a simple approach for
increasing a structure's earthguake resistance. A cross section
view of an FPS steel connection is shown in Figure 1.1. The FPS
concept is based on an innovative way of achieving a pendulun
motion. Fig. 1.2 schematically illustrates how the FPS5 achieves a
pendulum response for a supported building. The building responds
to earthquake moticnhs with small amplitude pendulum motions.
Friction damping effectively absorbs the earthquake's e¢nergy. The
result is a simple, predictable, and stable earthquake response.
Examples of the FPS hysteretic loeps are shown in Fig. 1.3.

The connections can be installed at the bottoms or tops of lower
story columns, or bhetween the building and jts foundation. The
operation of the connection is the same whether the concave surface
is facing up or down. Fig. 1.4 illustrates the operation of the
connection when installed at the top of a column, with the concave
surface facing downward.

Previcus research by the investigators has addressed how the FPS
connections behave under simulated earthquake conditions (Ref.
1.1). The FPS connections serve as shear links which absorb the
damaging earthgquake moticns and energies. When the earthquake
forces are below the threshold level, the building responds like a
conventional structure. Once the threshold is exceeded the

buildings ductility response and energy abscrption are controlled
by the FPS connections.

The lateral restoring stiffness ©f the activated FPS connection
is:

where W is the supported weight and r is the length of the radius
of curvature of the concave surface. This is the same as the
stiffness of a simple pendulum.



The weight proportional stiffness is a unique property of the
FPS which greatly reduces the torsion response of a structure. The
center of lateral stiffness of the FPS connections coincides with
the center of mass. Since the friction force is also proporticnal
to the supported weight, the center of rigidity of the connections
acting as a group always coincides with the center of mass of the
building. This property makes the FPS connections particularly
effective at wminimizing adverse torsional motions which would
otherwise occur in asymnetrical buildings.

The FPS connections also serve as seismic isolators. Seismic
isolation is achieved by shifting the response of the structure to
a range where the lateral 1loads are reduced. The extent of the
period shift is controlled by the radius of curvature of the
concave surface.

The natural period of vibration of a rigid mass supportad on FPS
connections is determined from the pendulum eqguations and is:

ngﬂﬁ
g

where g is the acceleration of gravity. This is the sliding period
of the isolators. It is also the sliding or activated period for a
short and relatively stiff building.

The fact that the period is independent of the structure mass is
another unique property of the FPS which can have advantages in
controlling the response of a building. The desired structure
period can be selected by simply choosing the radius of curvature
of the concave surface. The period does not change if the
structure weight changes or is different than assumed.

Another unique property of the FPS connections, as compared to
other sliding supports, is the design of the articulated slider.
The semi-spherical design of the slider results in uniform contact
pressures between the slider and the concave surface for any
combination of lateral and wvertical loads. This avoids edge
gouging, and reduces high frequency stick-slip motions which occur
with other sliding support systems.

Seismic isolation is an emerging technology which has been
receiving increasing attention in recent years by researchers and
design professionals. The research presented herein builds on
previous research on the FPS concept by Zayas, low and Mahin (Ref.
1.1). During this previous research effort simple building models
with FPS connections were tested on the University of California
Berkeley shake table. The research presented alsoc builds on
extensive worldwide research o~ seismic isolation by other



investigators. These include work on sliding isolation systems by
Kelly (Ref. 1.4), Mostaghel (Ref. 1.5), and Constantinou (Ref.
l1.6): and isclation systems with displacement restraints by Kelly
(Ref. 1.7); and related research efforts by other investigators in
the U.S5. (Refs. 1.8 and 1.9), Japan (Ref. 1.10), France (Ref.
1.11), China (Ref. 1.12) and New Zealand.

One of the potential advantages offered by the FPS approach,
compared to other available technigues, is the cost of
installation. The connection size, strength, materials and
versatility should make the approach easier and less expensive to
install. Potential reductions in other construction costs could
completely compensate for the cost of installing the FPS, thereby
achieving a cost-equivalent but more earthquake resistant building.

The need for cost effective ways to mitigate seismic hazards of
existing buildings has recently been recognized by many municipal
governments in California. California Senate Bill 547 (Ref. 1.2),
which was passed in 1986, requires that california cities adopt a
program by Jan. 1, 1990, to reduce the hazards from unreinforced
masonry buildings. Cities have bequn to identify seismically
hazardous buildings and to notify the owners. Many building owners
have resisted city efforts to require seismic upgrades because of
occupant disturbance and cost issues.

Cost is also a primary factor affecting the implementation of
improved seismic resisting methods in new buildings. Technologies
that increase the earthquake resistance of new buildings but also
increase the construction costs have not been widely used. The
Structural Engineers Association of Northern California (SEAONC)
nhas developed Tentative Seismic Isolation Design Requirements (Ref.
1.3) which would permit reductions in the cost of seismically
isolated buildings. These or other equivalent criteria are likely
to be adopted into the Uniform Building Code by 1991, which should
stimulate commercial applications of the seismic isolation approach
for buildings.

1.4 Thase I Research Objectives

The primary objectives of the Phase I research are to assess the
technical feasibkility of using the FPS to improve the seismic
performance of new and existing buildings. The following technical
and engineering issues were investigated:

1. The feasibility of achieving significant increases in the
earthquake resistance of new buildings without increa=ing the
construction costs.

2. The feasibility of applying the FPS te¢ existing hazardous
buildings, thereby helping tc protect these buildings from damage
and collapse.



3. The interrelationships between the FPS design parameters
(friction coefficient, radius of curvature and displacement travel)
and the building design parameters (period and strength) for
earthquakes of different strengths.

4. The ability of FPS components to achieve dynamic coefficients of
friction which are less than 5%, for relative sliding velocities
which are representative of earthquake loadings.

5. Investigations of building parameters which contreol the
structure’s torsional response, and toc estimate the potential for
reductions in damaging torsion motions for asymmetrical buildings
using the FPS approach.

The research work and principal findings are summarized below.

1.5 Summary of the Research and Findings

The feasibility of applying the FPS to new building construction

is examined in Chapter 2. petails which could be used for the
installation of the FPS isolators are proposed. An example
building was selected and redesigned using the FPS. The example

building was a steel moment frame building, a common type of
construction used for commercial and institutional buildings. The
FPS offered the versatility of installation details which helped
achieve an isolated building which was cost equivalent to the
non-isolated building, and yet had significantly improved
earthquake performance. Analyses results indicated that seismic
damage during a severe earthgquake would be reduced by B9%.

The feasibility of using the FPS to retrofit existing hazardous

buildings is examined in Chapter 3. considerations for applying
the technique to the different types of existing hazardous
buildings are examined. The seismic performance of the FPS is

assessed for a case study of a structurally weak building.

Preliminary design considerations were proposed on the selection
of FPS parameters suitable to weak buildings. When properly
designed, the FPS was found to reduce ductility demand by B86%.
Analyses results indicated that the expected performance would be
better than conventional strengthening techniques used alone.
However, it was unclear if the anticipated reductions in earthquake
forces and ductility demands alone, would be sufficient to prevent
collapse of weak hazardous buildings. Strengthening of portions of
the building may also be required.

The feasibility assessments put forward in Chapters 2 and 3 are
based on studies of the technical properties and performance of the
FPS which are presented in Chapters 4 to 8. Results from tests of
individual FPS isolatcrs are reported in Chapter 4. Low friction
FPS assemblies were tested at high sliding velocities of up to 20
inches/second. The dynamic coefficients of friction of the low



friction assemblies were found to be less than 5%. These dynamic
friction values were considered suitable for seismic retrofits or
cost equivalent new building constructicn. The hysteretic loops
were observed to have an ideal bi-linear response with linear
lateral stiffness throughout the displacement travel. The lateral
stiffness was directly proporticnal to the vertical load, and
exactly matched the theoretically predicted p=endulum stiffness.
The loops were observed to be stable and non-degrading over many
cycles of loading at varied vertical loads.

Analytical studies on the torsicn response of FPS supported
structures are presented in Chapter 5. Analytical models are
developed and fcund to compare well with experimental results. The
weight proportional stiffness properties c¢f the FPS reduced the
torsion motions of asymmetrical structures. The weight
proportional stiffness directly compensated for the effects of mass
eccentricities. The reductions in torsional motions of up to 80%
were observed, as compared to linear elastic structures with
equivalent eccentricities. Parameter studies indicated that the
reduction of torsion motions would be substantial for a wide
variety of building configurations, The unique ability of the FPS
to reduce torsion motions is one of the nost attractive aspects of
the approach.

Investigations on the effects of engaging the 1lateral
displacement restraint of the FPS are presented in Chapter 6.
Engagement of the lateral displacement restraints occurs when the
seismic loading demand exceeds the lateral displacement capacity of
the FPS. Analytical models were developed which could simulate the
effects of engaging the displacement restraints, and were found to
agree well with experimental results. Time history analyses of
nonlinear models ©of the example building, including the
displacement restraint model, were used to assess the effects on
this type of building. The displacement restraint was found to
break up the modes of vibration, preventing resonant dynanic
responses from building up in any one set of modes. When
displacement loading demand exceeded displacement capacity hy 50%,
the FPS retained 85% of its effectiveness in reducing inelastic
ductility demand, 95% of its effectiveness in reducing structural
inelastic ener-y dissipation, and 80% of its effectiveness in
reducing first story drift.

The inelastic responses of multistory structures supported on
the FPS isolators are presented in Chapter 7. Bi~linear elastic
plastic models of the building structures are used to investigate
the relationship between the primary building and FPS properties,
and to assess the relationship between yielding in the structure
and response of the FPS. The analytical wmodel of the example
building presented in Chapter 2 is used as a basic case. The
structure strengths and structure periods are varied teo simulate
other building cases. Nine different cases were considered, and
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the responses with and without the FPS were compared. The
responses for total displacements, structure ductility demand,
structure story drift, and structure energy dissipation were
assessed and compared. The total lateral displacement at the roof
level of the FPS isolated structures was found to be less than, or
approximately equal to, the roof displacements occurring in the
same structures without the FPS. The structure ductility demand,
structure story drift, and structure energy dissipation was found
to be always less than, and usually substantially less than, those
occurring in the same structure without the FPS. For structures
with periods less thaa 0.86 sec., Quctility and drift values in FPS
supported structures were found to be of similar magnitudes to
those occurring in equivalent non-isolated structures with four
times the strengths. Weak structures representative of existing
hazardous buildings were given particular attention. Lengthening
the pericd and lowering the friction coefficient of the FPS was
found to reduce the yielding and ductility demands in these
structures.

Whereas example building cases and responses to particular
earthquake motions were studied in Chapters 2 through 7, a broader
and more theoretical approach was taken in Chapter 8. Equivalent
single degree of freedom models representing elastic structures
supported on FPS isolators were developed. The equations of motion
for the equivalent system were formulated and used to investigate
the interrelationships of the FPS parameters of period and friction
coefficient, to the period and strength of the structure, and the
strength of the ground motion. A systematic study of the responses
of the equivalent system to ten different ground motions was
undertaken, and the results for each of the individual motions, as
well as the means and coefficients of variation of the responses
are reported. The strength required to maintain an elastic
response in the building was identified, as well as the base shear
and displacement responses.

Wwhen the structural period was greater than 0.5 sec., the total
displacements of the equivalent systems relative to the ground were
found to be approximately equivalent to the total displacement in
elastic structures without the FPS. The total drift displacement
for these cases could be estimated from displacement response
spectra. Once the total drift was known, the sliding displacement
in the FPS and drift displacement in the structure could be
calculated from the basic relationship between the FPS period,
friction coefficient, and building pericd. The total drift was
relatively independent of the selection of FPS period and friction
coefficient. The selection of longer FPS periods and lower
friction coefficients was found to reduce the drift displacement in
the structure, while increasing the drift displacement in the FPS
by a comparable amount. For structures with periods less than 0.5
sec., total displacements in the FPS supported structures were
greater than those of the elastic structures without the FPS, and
the total displacement was affected by the selection of the FPS
period and friction coefficient. The structural drifts and forces
in the FPS supported structures were always less than those in the
elastic structures without the FPS.

11



1.6 Technical Feasibility Conclusions

The FPS was assessed to be a feasible and cost effective
construction technigque for improving the seismic resistance of new
buildings. The flexibility to select any isolator period makes the
approach suitable to a wide range of applications, The compact
size, high strength, and articulated jcint of the FPS, permits a
versatility of installation details which helps to achieve
construction which is cost equivalent to non-isolated buildings,

yet provides substantially improved seismic resistance. The cost
equivale.: example building investigated, designed with the FPS and
a reduced z.:i=nic design load of 50%, demonstrated 86% less

building damage during severe earthquakes as compared to the full
strength design without the FPS.

The FPS was also assessed to be a feasible and attractive
technique to improve the seismic resistance of existing hazardous

buildings. The flexibility to achieve relatively long isolator
periods of 3 to 4 seconds offered improved performance for the
cases of weak buildings studied. The the compact size and high

strength of the FPS isolators also offered advantages in retrofit
details. The approach also offered reduced disturbance of building
occupants as compared to conventional strengthening techniques.

It is possible tc manufacture low friction FPS assemblies with
dynamic frictions of less than 5% at earthquake velocities. Model
size FPS bearings were tested at relative sliding velocities up to
20 inches/second, and at varied pressure loads. They consistently
achieved ideal linear stiffnesses and dynamic friction coefficients
of less than 5%. The attainment of these low dynamic friction
values is important for applications to existing hazardous
puildings and cost equivalent construction of new buildings.

The shear loads, storv drifts, ductility demands, and structure
inelastic energy dissipation in FPS supported structures were
always reduced as compared to similar structures without the FPS.
Using 1longer periods and lower friction coefficients in the FPS
isolators reduce the drift deformations in the structural frames,
while maintaining approximately the same total roof drift
displacenent.

Limited yielding and ductility response may be permitted in FPS
supported structures. When the seismic loading demands exceeded
displacement travel capacity, the FPS retained a large percentage
of its effectiveness tc reduce building damage, demonstrating the
robustness of the approach.

The torsion motions occurring in asymmetrical structures with
large mass can be substantially reduced using the FPS. Single
degree of freedom response spectra can be used for design purposes
to give reascnable estimates of the total displacements, base
shears and structure drifts occurring in FPS supported structures.

The FPS offers the potential to improve the seismic performance
for a wide variety of structures.

12



1.7 Potential Applications

Because of the inherent simplicity, versatility, stability and
durability of the FPS concept, it should become a major tool for
the seismically resistant design of buildings once the engineering
design and detailing issues are resolved, and simple yet reliable
design procedures are developed. Reduction of the seismic hazards
in new and existing buildings is a problem of national importance
and one which is expected to become increasingly critical in the
years to come, The development of a reliable, economical and
practical FPS seismic isolation system is expectc2 to significantly
increase seismic safety. In addition, the FPS will provide an
effective method for mitigating damages to non-structural
components and building contents, and for overcoming difficult
structural problems such as those as associated with inelastic
torsional response, Illustrations of possible applications to
buildings are shown in Figs. 1.5 to 1.7.

In addition, the versatility of this system has yet to be
explored. Innovative ge#pplications of this system with high
potential include very irreqular or unusual structures (Fig. 1.8),
or industrial. manufacturing or chemical processing facilities,
critical structures with stringent performance requirements,
bridges, and suppor-ed equipment (Figs. 1.9 to 1.13). Development
of a feasible and economircal FPS scolution for conventional
buildings will naturally lead to these other applications.

1.8 Future Research Needs

The Phase I research established the ability of the FPS to
improve the overall seismic performance of new or existing
buildings. Consistent with the Phase I objectives and limitations,
the investigations used simple analytical models to assess the
response of limited building types (ie: moment resisting frames),
to a few representative earthquake loadings.

Additional research and engineering evaluations are needed to
answer a substantial number of engineering questions on the effects
and performance of the FPS within buildings. Investigations are
needed to assess the performance of the FPS when applied to
different building types, including braced frames, shear walls, and
bearing wall structures. Since the lateral forces in the FPS are
propocrtional to the supported weight, this changes the
distributions of forces and stresses within structures. Thus, the
local effects on individual structural members and standard
structural details and design practice need to be addressed.

13



Experimental investigations of the responses of realistic
multistory building models subjected to shake table tests are
needed. The dynamic responses of low friction FPS isclators under
shake table tests need to be investigated. The effects of higher
mode responses need to be assessed, examining the differences
between FPS supported structures and conventional structures. The
influences of friction coefficients and FPS periocds on the higher
mode responses need ta be investigated, as well as design methods
and installation approaches which may influence and control higher
mode responses. Also, for buildings with sensitive equipment the
occurrence of high frequency vibrations and in-structure response
needs to be investigated.

Shake table tests are also needed on the responses of weak and
non-ductile buildings supported on FPS isclators, with attention to
the interactions between the responses of the buildings and the
FPS.

There is also the need to investigate the effects of varied and
diverse ground motions on all the response characteristics.
Moreover, bafore the FPS technique can be accepted and applied
within the industry, there is the need to develop simple yet
reliable design guidelines and procedures. A thorough
investigation of these important engineering considerations is
required to insure the safety of the public in the application of
the proposed new construction methods. These investigations are
planned for the Phase II research progran.
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2.1 Installation Details

The application of the FPS technique to new buildings requires
the development of practical installation details which are
compatible with existing construction practices. Details which
could be used for the installation of FPS isolators within building
frames are shown in Figs. 2.1 through 2.6.

Example details for installing the FPS connections within a
building frame are illustrated in Fig. 2.1. Installation of the
isolators between the foundation and first floor 1is the approach
which has been used in completed installations of rubber bearing
seismic 1isolators., This approcach offers the advantage of
simplii:ed architectural and structural details to accommodate the
seismic movements. The steel girders directly above the isolators
can resist the P-Delta moments which occur in the rubber isolators
because of the eccentricity of the gravity loads durihg earthquake
movements, However, for buildings which do not otherwise require a
crawl space, the addition of this partial story can be expensive.

For many buildings, it would appear that installation of seismic
isolators at the tops or bottoms of the first story columns could
be a more cost effective way of incorporating seismic isolation.
The design and size of the FPS isolators appears to be well suited
for this installation approach. The steel components of the FPS
facilitates the fabrication of high strength, relatively compact
isolators, which could readily fit at the top or bottoms of
columns. The steel cylinder which encloses the articulated slider,
provides an inherently redundant mechanism for carrying lateral and
vertical loads. When located at the top of a column, the FPS
connection c¢an be installed with the concave surface facing
downward. In this orientation the articulated slider remains at
the centerline of the column during earthquake movements. This
avoids P-Delta moments in the columnz caused by eccentric gravity
loads from seismic movements of the building. When installed at
the bottom cof a column with the concave surface facing upward, the
gravity loads remain concentric on the column. A disadvantage of
installing the isolators at the tops or bottoms of columns, as
compared to the crawl space approach, is that additional seismic
gap details for architectural components which cross the seismic
gap are required.

A possible combination of the bottoms of columns approach, and
the between the foundation and first floor approach, is illustrated
in Fig. 2.2. Placing the FPS isclators at the bottoms of the first
story columns, and using a concrete flat slab for the first floor
directly above the isolators, can reduce the structural costs of
the crawl space approach, and reduce the architectural detail costs
associated with the bottoms of columns approach.

In some installation applications it may be desirable to include
an uplift restraint detail as part of the FPS connection. An
illustration of a possible uplift restraint detail is shown in Figq.
2.3, The tension rods would be able to carry tension loads and
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limit uplift displacements, while permitting lateral seismic
movements within the isolators.

Details which could be used to accommodate seismic movements for
elevators and stairs which cross the seismic gap are shown in Fig.
2.4.

The versatility of the FPS5 isolators to accommodate different
installation details, and any desired isolator period, can
facilitate the application of seismic isclation to buildings.
Il1lustrations of possible building applications are shown in Figs.
2.5 and 2.6. Because the FPS can absorb torsional mass
eccentricities as well as the seismic deformations, the
asymmetrical building shown in Fig., 2.6 could achieve seismic
resistance capabilities which exceed those of a symmetrical
building which relies only on ductility detailing.

2.2 Example Building

In order to investigate the technical feasibility of applying
the FPS technique to new buildings, an example building was
selected and redesigned using the FPS approach. The example
building was used to illustrate the possible design approaches and
the potential bkenefits. The comparative earthquake performances
and construction costs are evaluated.

Earthquake Prcotection Systems asked Cygna Consulting Engineers
of San Francisco to provide an example case of an actual building
which had been designed according to the conventional bullding code
approach. Cygna offered an example case 0f a three story steel
moment frame building which the owner considered critical for
business operations. Cygna engineers had recently designed this
important "“operations Building" according to the 1985 Uniform
Building Code (UBC) earthquake criteria. Since the ability to
continue operations of the building after an earthguake was
important, at the request of the owner, the building had bkeen
designed as an "Essential Facility" according to UBC procedures.
An importance factor I of 1.5 was used, resulting in a design base
shear coefficient of 0.14. The layocut and details of the
building's structural frame as designed by Cygna are shown in Figs.
2.7 to 2.10. Additional details on the building's design are
provided in Appendix A- Sections 1 and 5.

As 1s common in commercial buildings of this type, the
architectural design included a first story which was taller than
the upper stories. The building also had relatively long girder
spans of 28 ft. to 32 ft. As usually occurs in such buildings, the
tall first story was more flexible than the upper stories. The UBC
seismic design was controlled by drift, not strength, as is
generally the case for steel moment frames. In order to control
the first story drift, the design engineer was forced to use
special sqguare tubular steel columns, and imbed these columns into
the foundation grade beams to create a fixed-base connection. The
special tubular columns and foundation connections were high cost
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structural items in the non-isolated design. Tke resulting seismic
drifts at a base ghear locading of 0.14W, were the maximum permitted
by code.

The elastic and plastic strengths of the building were
calculated based on the actual member sizes, and included
structural redundancy effects (Appendix A - Section 5). The
elastic strength was computed to be 0.31W, and the ultimate plastic
strength was 0.45W. These calculated strengths are consistent with
test results of the building frames, which typically show ultimate
lateral strengths of 3 to 5 times the design loads.

The building site was located approximately 8 miles from the San
Andreas Fault. Fig. 2.11 shows the U.5.G.5. average response
spectra for magnitude 5, 6, and 7 earthquakes for a stiff socil site
at a distance ©of 8 miles from the fault (Ref. 2.1). The UBC
regquired design strength for a moment frame, designed with an
importance factor of 1.5 is also shown. The average magnitude 7
earthquake was noted to be 5 to 10 times stronger than the required
UBC design strength,

A magnitude 7 or stronger earthquake was considered to be a
realistic event to expect during the life of the building. The
steel frame was considered to have sufficient strength and
ductility capacity to withstand the seismic deformations of a
magnitude 7 earthguake with light to moderate structural damage,
However, large drift deformations, substantially exceeding code
allowables, and high accelerations would be expected to cause
significant damage to the non-structural components and operational
equipment items within the building. Such damage oould render the
building incapable of functioning after a severe earthquake, For
these reasons, the Cygna engineers believed the application of the
FPS technique would be of particular value for this type of
building. The objective was to determine the extent to which the
FPS isolators could reduce the estimated damage caused by large
drifts occurring during severe seismic events. Cygna engineers
worked together with Earthquake Protection System engineers to

devise the isclation approach, and review the comparative
performance and costs.

2.3 FPS Isolation Approach

Different schemes for installing the FPS isolators in the
example building were considered. The advantages and disadvantages
of the different schemes were considered to be as follows:

l.. Teps of Lower Level Colunns. Advantages: Least impact on
existing design concept; and most cost effective. Disadvantage:
Seismic gap details required for stairs and architectural
components which cross the FPS level.

2. Bottoms of Lower Level Colunmns. Advantages: Small impact on
existing design concept; and the design and details are similar to
a standard base plate connection. Disadvantages: Special details
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would be required for stairs and and architectural components to
accommodate the seismic gap at FPS level; and the pinned column
base would require strong and stiff tubular columns with egual
stiffness in both the x and y axes to control the deflections of
the lower story.

3. Between Foundation and First Floor. Advantages: Simple details
for stairs and and architectural components: and the accelerations
of the first story floor would alsoc be reduced. Disadvantages:
Configuration and expensive construction changes would be required
to add the isolation story: including deeper excavation for the
foundation and the added structural floor framing.

After comparing the alternatives, the design with the FPS on
top of the lower level columns was considered the preferred
isolation scheme for this building. This approach was the most
cost effective, and alsc minimized the need for design and
configuration changes, The structural frame and isolator details
using the FPS at tops of the lower level columns are shown in Figs.
2.12 to 2.15. Architectural details to accommodate the seismic
movenments are shown in Figs. 2,16 to 2.19.

Based on dynamic analyses results (Appendix A, Sections S to 8),
a sliding period of 2.25 secs., a dynamic friction coefficient of
10%, and a lateral sliding capacity of 6.5 inches were selected for
the design of the FPS isolators. The dynamic analyses predicted an
isolator sliding displacement of 4.7 inches for the magnitude 7
earthgquake 1loading. The required 1lateral displacement capacity
according to Section B of the Tentative Seismic Isolation Design
Requirements (Ref. 2.,2) was computed to be 4 inches (Appendix A,
Section 3). The isolator design exceeded the minimum requirements
of the SEAOC guidelines because the magnitude 7 earthgquake loading
exceeded the seismic loading used to develop the minimum criteria
of the SEAOC guidelines.

Placement of the FPS isplators at the tops of the lower level
columns resulted in a hinge connection at this joint. The columns
below the FPS were changed from special steel columns to reinforced
concrete columns which were integral with the foundation. The
higher section modulus of the concrete columns reduces the drift at
the first 1level, and results in equal column stiffness in the two
loading directions. Since the FPS isolators would provide the
necessary deformation and ductility capacity, the lower ductility
capacity of the concrete columns versus the r*eel columns was not
considered a disadvantage for the isolated design.

Two different structural design criteria for the isolated
building were examined. In the first, the strength and stiffness of
the structural frame were assumed to be the same as the original
non-isclated design ("Full Strength Isclated Design"). In the
second, the sizes of the .tructural members were reduced to the
degree that the structural savings could offset the cost of adding
the FPS isolators ("Cost Equivalent Isolated Design"). The
redesigned structural frame of the cost equivalent design is shown
in Figs. 2.12 to 2.14, and is discussed below. The full strength
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isolated design was assumed to have the same structural
configuration as the cost equivalent design, but with the satrength
and stiffness of the structural members egqual to those of the
original non-isoclated design.

2.4 cCost Equivalent Design

The "Cost Equivalenti" isolated building design was used to
determine the feasibility of achieving increased earthgquake
resistance capacity without increasing construction costs. The
design base shear coefficient was 0.067, as compared to 0.14 for
the original non-isolated design. This 50% reduction in the design
base shear permitted enough savings in the structural frame to
offset the added structural and architectural costs associated with
the isoclated design. The base shear coefficient of D0.067 is the
calculated design base shear required by the 1985 UBC if the
isclator sliding period of 2.25 secs. is used as the building
period in the UBC formulas. The cost equivalent isolated design
was also checked against the "Tentative Seismic Isolation Design
Requirements" of SEAONC [Ref. 2.2], and also complied with these
guidelines. Additional details on the checks with the UBC and
SEAQC design criteria are provided in Appendix A.

As was the case for the non-isolated design, the seismic design
of the cost equivalent building was controlled by interstory
drift. The resulting seismic drifts at a base shear loading of
0.067 were the maximum permitted by code. The elastic and plastic
strengths of the cost egquivalent design were calculated based on
the reduced member sizes, including structural redundancy effects.
The elastic strength was computed to be 0.14W, and the ultimate
plastic strength 0.31W (Appendix A - Section 5).

The savings in the structural steel and foundation details
permitted by use of the isolation approach was estimated to offset
the cost of the 32 FPS isolators and the architectural and
structural details required for the seismic gap. A summary of the
estimated structural savings and isolation costs is given in Table
2.1. Thus, the estimated construction cost of the isolated design
was approximately equal to the cost of the non-isclated design.
The construction cost of the full strength isolated design was
estimated to be approximately 1.8% greater thzn the non-isolated
design. Additional details on the redesign details and cost
estimates are provided in Appendix A, Section 4.

2.5 Comparison of Building Performance With and Without the FPS

Time history dynamic analyses were used toc compare the
earthquake performance of the isclated designs to the original
design. To do this comparison, scaled earthquake loadings
representing magnitude 5, 6 and 7 earthquakes were used in the
non-linear analysis program Dynin (Ref. 2.3).

The Dynin moedels of the nen-isolated and isolated structures
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are shown in Appendix A, Section 5. A stick model was used with
nodal masses representing the second floor, third floor, and roof.
The structures were analyzed as elastic upper structures on
non-linear FPS isolators. The stiffness of each building level was
derived from the section properties of the corresponding
structure, The nonlinear properties of the FPS isolators were
included in the modeling of the first level, Analyses results for
seismic drifts occurring within the structural frame were used to
estimate damage to the building.

Additional analyses c¢of this building, including inelastic
modeling of the upper structure, are presented in Chapters 6 and
7. As discussed in Chapters 7 and 8, for a building in this period
range, the total seismic drifts which occur are approximately the
same whether the building is isolated or not, and whether the upper
structure remains elastic or is permitted to yield. The primary
effect of the isolators is that a reduced percentage of the total
drift occurs within the structural frame. Similarly with an
inelastic model of the upper structure, it is primarily the
distribution of drifts among stories which is affected by the
inelastic response, nect the total drift, The elastic upper
structure mnodel was, therefore, considered sufficient for design
development, and for non-structural damage estimates which are
based on total drift. The non-isolated building would not be
capable of achieving the story shears predicted by the elastic
upper structure wnmodel. However, the predicted elastic shears are
a measure of the earthquake locading demand on the structural
frame. Analyses results for the ductility demand, energy
absorption demand, and inelastic structural drifts wusing inelastic
structural models of the upper structure are presaented in Chapters
6 and 7. The inelastic analyses results presented in Chapters 6
and 7 confirm the overall results and conclusions drawn from the
analyses of the elastic models presented in this Chapter.

The input earthquake loadings were scaled to approximately
represent the average spectra for magnitude 5, 6, and 7 earthquakes
at a distance of 8 miles from the site. Values obtained for base
shear, story shears and story drifts were used to compare the
responsa of the isolated and non-isolated buildings. Comparisons
of the base shear responses for the simulations of the three
different magnitude events are shown in Fig. 2.20.

The earthquake loading used to represent a magnitude 5
earthquake was the El Centro earthguake scaled to a PGA of 0.15g
and the time scale compressed to one-half. The response spectra
plots and the tabulated analytical results are given in Appendix a,
Section . This low intensity earthquake shaking is of comparable
strength to the UBC design strength. The resulting bazse shear was
0.08, with or without the FPS. Since the FPS isolators had a
threshold friction force of 0.10, the FPS isolators did not slide,
and the building response was the same with or without the FPS .
Analysie results indicated that story drifts for the isolated and
‘non-isolated designs would be less than the UBC code allowable
drifts, and no building damage was anticipated for any of the
designs at this strength event.
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The earthgquake loading used to represent a magnitude 6 event
was the El1 cCentro earthguake scaled to a PGA of 0.34g and run at
full time scale. The response spectra plots and the tabulated
analytical results are shown in Appendix A, Section 7. The results
show that in the isolated design structures, the base shear was
reduced from 0.54g to 0.14g, and the 1st story drift was reduced
from 2.28" to 0.54". This is a 74% reduction in base shear force
and story drift, The responses of the cost equivalent and full
strength isolated designs were approximately the sanme, The FPS
travel displacement was calculated to be about 1.7 inches.

The earthquake loading used to represent a magnitude 7 event was
the El1 Centro earthguake scaled to a PGA of 0.70g and run at full
time scale. The response spectra plots and the tabulated
analytical results are shown in Appendix A, Section 8. The results
show that in the isolated structures, the base shear was reduced
from 1.11g to 0.21g and the 1st story drift was reduced from 4.64"
to 0.74". This is a 81% reduction in base shear force and story
drift. The FPS displacement travel was calculated to be 4.70
inches.

A sunmmary of the analytical results for both the isolated and
the non-isolated structures is shown in Figs. 2.20 reo Z.22. Fig
2.20 shows the large reductions in base shear demand that were
predicted for the isolated structures for the magnitude 6 and 7
earthgquakes. Figs. 2.21 and 2.22 show the reductions in story
shears and drifts within the building for a magnitude 7
earthquake, These predicted reductions in story shears and drifts
would be expected to reduce building damage during the magnitude 7
event.

Fig. 2.23 shows damage estimates for the magnitude 6 and 7
earthquakes. Damage estimates for the non-isolated building were
made using the ATC-13 "Earthquake Damage Evaluation Data For
California”", as estimated for low rise steel moment frame
buildings. Damage estimates for the isolated designs were
calculated by using the damage estimates for the non-isolated
design, but for reduced earthquake strengths which would result in
equivalent structural drifts as those of the isolated designs. The
cost of construction of the Operations Building was approximately
$6.5 million. Based on the comparative drifts for the reduced
strength isclated design and the full strength non-isolated design,
it was estimated that the FPS would reduce building damage for the
magnitude 7 event from §1,300,000 to $138,450, a reduction of
approxirmately 89%. Additional details and calculations of the
building damage estimates are provided in Appendix A, Section 9.

The predicted reductions in story shears and accelerations
(Figs. 2.21 and 2.22) would be expected to also reduce damage to
the equipment and other building contents. However, within the
scope of this study it was considered that there were no reliable

ways of making preliminary damage estimates for the building
contents.
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2.6 Conclusions

The versatility of installation details offered by the FPS
isolators could help achieve isolated buildings which are cost
egqguivalent to non-isolated buildings, and yet have significantly
improved earthquake performance.

The analysis results for the example building indicated that
the cost equivalent isolated design would provide better seismic
performance than the full strength non-isolated design. Building
damage was reduced by an estimated 89%.

In summary, it was feasible and practical to incorporate the
FPS intc the design of a new building. A cost equivalent design
could be achieved, and the seismic performance was substantially
improved as compared to the non-isolated design. However, further
evaluations are reguired to evaluate the application of the
technique to different types of structures, and in buildings
designed for normal cccupancy as opposed to essential facilities.
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Table 2.1 Summary of Savings and Costs

Structural Savings

1. Reductions in structural frame

$82,000
due to reduced lateral loads.

2. Reductions in foundation costs. $34.000
$116,000

Added Structural Costs
1. 32 FPS Seismic Isolators $64,000
2. Bracing for exterior panel $15.000

at 1st. level.
879,000
Net Structural Savings $37,000
Added Architectural Costs $17,000
Contingencies & Miscellaneous $20,000
Net Savings and Costs so0
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3.1 Introduction

Oone of the most serious and challenging problems to be faced
by earthquake engineers in the coming decades is that posed by
existing seismically hazardous buildings. Based on research and
lessons learned from recent damaging earthquakes, building code
provisions applicable to new construction have been substantially
improved over the past thirty years. The designer of new buildings
also has at his/her disposal vastly improved analytical tools, more
reliable construction practices and materials, and new seismic
isolation techniques, such as the FPS connection, to help mitigate
seismic hazards. As a result, it would be expected that, while the
design of new structures still involves complex technical issues
and professional challenges, in general these structures will
perform significantly better during severe seismic excitations than
those constructed in earlier eras.

However, many existing buildings will also perform well, as
demonstrated by past earthguakes, due to the skill or conservatism
of the designer, selection of structural systems with proven
seismic resistance, and the use of inherently ductile details and
materials. Thus, identification of seismically deficient
structures must go beyond mere evaluation of compliance with basic
code requirements, and consider their likely seismic performance. A
variety of professional reports detailing methods for screening
existing buildings and for evaluating their seismic wvulnerability
have been published (e.g., see Refs. 3.1 and 3.2). Issues such as
inadegquate strength, limited ductility, excessive drifts, improper
tying tegether of structural as well as nonstructural components,
excessive seismic demands due to irregular structural features and
resonance with local scil conditions have been identified as some
of the possible deficiencies of existing buildings.

once a building has been identified as being seismically
deficient, additional considerations to those used for the
construction of new buildings must be taken into account to
achieve economical and effective upgrading procedures. In
particular, issues related to cost, retention of functional
capabilities {(or avecidance of disruption of services),
preservation of special architectural or historic features, and so
on have had an increasingly important role in determining the type
of upgrade strategy to implemented. Augmenting the seismic
resistance of old structures also raises new and special design
problems.

The feasibility of using FPS connections in upgrading the
seismic performance of existing buildings was studied. Technical
considerations were explored along with some practical issues
related to installation of FPS isolators in various types of
existing buildings. Finally, a simple example structure was
analyzed to assess the effectiveness of FPS isolators in improving
seismic resistance. Additional information related to this topic
is presented in Chapters 7 and 8.
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3.2 Some Basic considerations for Seismic Upgrading

As indicated in Ref. 3.3, the designer may choose between two
basic approaches when considering options for upgrading the

seismic performance of existing structures. The first, and more
common approach, is to increase the resistance of the structure to
the demands imposed by the seismic excitation. Reference 3.3

contains a detailed description of these strategies. They consist
of general items such as increasing the strength or ductility of
the existing structure by the addition of new elements or
structural systems, or by modification of existing elements. The
uncertainty with which the intensity of future earthquakes can be
predicted raises guestions about methods that rely solely on
strengthening as a means of improving seismic performance.

The second basic approach is to reduce the seismic demands on
the structure. Techniques for accomplishing this include reducing
the mass of the structure (by removal of heavy cladding or
equipment, and by reducing the overall height of the structure),
and by seismic isolation of the structure. In general, both
strength increases and load demand reductions can be used in
combination. For example, a seismically isolated structure may
also be strengthened.

The selection of an appropriate upgrade strategy depends on
the type of structural system and materials used, the nature of
the seismic deficiencies detected, the dynamic characteristics of
the structure, the expected ground motion (including the effects
of local soil conditions), the availability of local materials and
qualified 1labor, in addition to economic, architectural and
functional constraints. Many of the requirements for upgrading
existing buildings differ in fundamental ways from those considered
for new construction.

While economic considerations are always important in design,
existing older buildings are often only marginally profitable so
that the economic ramifications of the seismic upgrading approach
to be Belected must be carefully considered. If the required
modifications are too expensive, the owner may defer the
corrections entirely, elect less effective or partial solutions, or
denmolish or abandon the structure. Thus, cost effective methods for
improving seismic safety must be identified.

Most existing buildings are already occupied and the upgrading
strateqy selected must consider the disruption to the tenants
during construction. Furthermore, major modifications of the
internal structural systeum could substantially interfere with the
movement of people already working within the structure. For
example, addition of numerous shear walls may be a technically and
economically reasible solution in some cases, but it would violate
the existing functional utility of most structures. Similarly,
nost owners would prefer to keep the building occupied during the
construction process. Because of this, it is desirable to select
an upgrading strategy that can be implemented successively in small

60



localized zones in the structure with minimum disruption of
services to the existing occupants.

Also, many existing buildings are considered historic and
major changes cannot be made to their exterior or interior
appearance without destroying important aspects of a community's
heritage. Thus, the retrofitting technique selected for these
structures should be as unobtrusive as possible.

3.3 Application of FPS Seismic Isolation Technigques to Existing
Structures

Seismic isolation, especially with FPS isolators, appears to
be a particularly appealing nmeans of improving the seismic safety
and performance of existing structures for a variety of technical
and functional reasons. Some of these are discussed below.

1. The strength of existing buildings is often substantially less
than that of new buildings. The ability of FPS connections to act
as structural fuses which limit the force that can be transferred
from the foundation to the supported structure makes them suited
for these weaker structures. In addition, the energy dissipation
and period shifting characteristics of the FPS connections also
help reduce the seismic demands on a structure.

2. Existing structvres often possess little or no ductility.
However, code design procedures rely on a significant amount of the
energy input by a major earthquake to be dissipated through ductile
vyielding of members and connections. To add this required
ductility at the local level in all the existing structural members
requires massive structural intervention which is functionally
disruptive and economically psohibitive. As a result, it is
generally more common to strengthen these types of non-ductile
structures by the addition of new shear walls, augmentation of
existing strucivval walls, addition of new steel braces, and so
on. Berause of economic considerations, many retrofit strategies
(e.g. Ref. 3.1) suggest design forces and ductility requirements
for existing buildings which are lower than those considered for
new buildings., As a result, one would generally expect the level
of damage in structures retrofitted in this manner to be higher
than that found in comparable new structures.

Moreover, future earthgquake ground motions can not be
predicted with great certainty. Consequently, the design loads
considered in a retrofitting strategy may be substantially smaller
than those that could develop in a future seismic event, thereby
resulting in even higher strength and ductility demands than
stipulated by design recommendations. Methods to make the
performance of strengthened structures relatively insensitive to
the likely changes in code strength requirements have not been
adequately investigated.
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FPS isolators can provide the structure with not only a means
for limiting and controlling earthgquake lcading demands, but can
also provide an effective and dependable means for inelastic enherqgy
dissipation. As demonstrated in the experiments (Ref. 3.4 and
Chapter 4) as well as in recent analyses (e.g. Chapters 6, 7 and
8), it is possible to design FPS supported structures so that most
or all of the energy dissipation occurs in the connections. In
such cases, the structure remains elastic or nearly so. This
ability to achieve overall ductile structural behavior while
controlling the degree of inelastic damage in the structure is a
important attribute of the FPS. This ability is examined in more
detail below and i subsequert chapters.

3. Past earthquakes have demonstrated that a major problem causing
damage to structures is irregularities in plan. The resulting
torsion has caused sericus damage in nearly all major earthquakes.
Reducing stiffness and mass eccentricities by conventional
construction procedures usually regquires major structural
modifications. An important aspect of the response of the FPS is
its unigue ability to reduce torsional responses in asymmetric
structures (see Chapter B5). Since the lateral load resistance of
an individual FPS isoclator is proportional to the axial load (or
mass) supported, the center o¢f lateral load resistance of the
isolator group as a whole will be at the center of mass of the
supported structure. While eccentricities between the centers of
stiffness and mass will continue to exist before the connecticns
are activated, once sliding commences, eccentricities between the
centers of mass and lateral load resistance disappear. Thus, an
FPS supported structure would initially exhibit the torsional
response characteristics of the original building, but the
torsional response will be substantially reduced once sliding is
initiated. This desirable response phencomenon was conclusively
demonstrated in the previous experimental studies (Ref. 3.4) and
in the analytical investigations reported in Chapter 5.

4. Many of the correction techniques used in upgrading conventional
buildings are performed in the field, and require specialized
equipment and skilled werkers. Thus, to he assured that the
designers intentions are fully realized, stringent gquality
assurance programs become a vital aspect of the retrofitting
process. The need for high quality is, of course, not reduced by
use of the FPS, However, overall gquality of the project is much
easier to achieve, since the FPS isolators and much of their
hardware are: (a) manufactured under stringent gquality control
standards possihle only in modern industrial manufacturing plants,
(b) subjected to substantial research and development programs, and
(¢) subjected to pre-installation testing programs. Thus, FPS
isolated structures would be expected to perform reliably and
dependably in practice once issues related to the design,
performance, and integration into existing buildings are resolved.

5. As discussed in Chapter 2, FPS isolators can be installed in a
structure in a variety of ways. The specific location will depend
on a range of faciors including the type of structural system tc be
supported, the strength and ductility of the existing structure,
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restrictions on location imposed by architectural and functional
requirementa, the proximity of other adjacent structures,
availability of an existing basement, and so on. These
considerations will be discussed in more detail later.

It is clear that FPS isolators can be installed in a basement
level as with most other isolation systems. However, a special
characteristic of FPS isolators is that they freely permit
rotation. They thereby lend themselves to installation in columns
without the need for supplemental beams to restrain rotations of
the isolators. Installation in c¢olumns avoids the need for costly
modifications te the existing foundations or the addition of new
beams attached to the isolator. Moreover, by placing the FPS
isolators at the top of the first story columns (as done in the
previous experimental program (Ref. 3.4)) or in the columns of
upper levels, problems associated with egress conditions or with
proximity to adjacent structures can be substantially mitigated.
Versatility is further enhanced by the ability to locate the FPS
connections along the midspan of a column. This flexibility of the
installation and the ability of the FPS connections to rotate
freely are expected to be important attributes to be considered in
selecting seismic upgrading strategies for existing buildings.

6. Typically, FPS isolators are added to a single level of a
structure, Localization of the seismic upgrading work to a single
level will help minimize the disruption of occupants that has
proven to be such a problem with more intrusive and global
rehabilitation methods., Furthermore, where FPS isolators are to be
added to columns, construction work c¢an be logically seguenced
between successive zones of a building, further reducing
disruption. Of course, it may be necessary to make changes to
other portions of the structure. But the magnitude of these

changes should be reduced in comparison to those required by other
techniques.

7. Another feature of FPS isolators is that they are physically
small. While the width of the isoclator is governed by the amount
of displacement to be accommodated, the height is generally quite
small. Unlike other types of isolators, the height is nearly
independent of the amount of lateral displacement expected. This
makes the isolator very stable against overturning modes of failure
that might be associated with large lateral displacements. The
compact size also makes FPS isolators easier to install and
architecturally more attractive in an existing building.

€. Becauce of the above features and the inherent simpiicity of
the FPS, it could provide a particularly cost effective method for

upgrading the seismic safety and performance of existing
structures.

The ability of the FPS isolators to limit seismically induced
forces in a structure, to dissipate substantial amounts of energy
and to mitigate the adverse effects of torsional response provide
the primary technical motivation for their application to existing
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buildings. Their dependable operation, versatility and the manner
with which they could be installed provide the practicality and
economy necessary for serious consideration as a means for
retrofitting seismically deficient structures.

To use FPS isolators, the building should be situated on a
site that would accommodate the sliding displacements. Detajled
studies of frame structures responding in the elastic and inelastic
ranges are included in Chapter 7. Analytical studies on the design
of FPS isolators to support structures that should remain
essentially elastic are also presented in Chapter 7.

3.4 Installation Details

An important consideration in selecting a particular seismic
rehabilitation strategy is the feasibility and economy of the
construction details. Even simple conventional retrofitting
techniques, such as the addition of shear walls or braces, can
become extremely complex to implement, depending on the details
needed to add collectors, secure new elements to the existing
structure, provide adequate foundation support and accommodate
pre-existing conditions. Thus, when considering the basic
suitability of FPS isolators for the rehabilitation of existing
buildings, it is desirable to identify potential problems and
solutions related to their installation. Due to the preliminary
nature of this investigation only basic issues will be addressed
for a number of standard types of structures.

The versatility of installation of FPS isolators has been
highlighted in Chapter 2 as it relates to new construction. This
versatility is an especially important attribute when considering
existing buildings. Each building will have a different geometry;
structural systen; strength, stiffness and ductility
characteristics; proximity to adjacent buildings; performance
expectations; seismic exposure; and so on. Because of the many
factors to consider, the designer will not have as much freedom to
modify the structure as would be the case in new construction. As
a result, ingenuity and engineering judgment are especially needed

to find simple, yet effective retrofitting strategies that are
practical and economical.

A number of different categories of potentially hazardous
buildings have been identified by various authors (e.g., Ref. 3.1).
In this study, two basic groups of buildings are addressed: bearing
wall systems and frame systems. Information on application of the
FPS to these systems constructed of different materials is
presented, as is additional information on special problens
associated with retrofitting which are not associated with building
type.

Bearing Wall Systems. -- The first type of structure
. considered was the bearing wall or box system. These systems have
been long recognized as having inherently less desirable seisnmic
characteristics in compariscon %o other types of buildings.
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Accordingly, new buildings which employ bearing walls for lateral
resistance are designed for higher seismic force levels than
considered for other building types.

within this catzsgory of building systems, greatest concern has

been expressed regarding unreinforced masonry structures. Such
structures are usually gquite stiff, but exhibit brittle responses
when loaded beyond the elastic range. They have repeatedly

demonstrated poor performance during past earthgquakes throughout
the world. Some research has been performed (e.g. Ref. 3.2) on
methods for evaluating and retrofitting these types of structures,
and design recommendations related to conventional construction
techniques have been published (Ref. 3.5).

Some masonry and other bearing wall structures can be quite
strong in the direction of the walls due to the large size, close
spacing and large number of walls used. Nonetheless, serious
deficiencies may exist which are related to out-of-plane wall
capacities, wall attachment to diaphragms, and diaphragm integrity
and flexibility. These types of problems would also have to be
addressed and solved prior to using FPS isolators. The
introcduction of the FPS may change the nature of the internal
forces and deformations that must be considered in the evaluation
of these details.

Of course, many unreinforced masonry buildings wilt have
inadequate lateral lcad capacity due to the inherent weakness of
the system, deterioration of materials over time, and the
intensity of the expected seismic excitations. Because of the
brittle behavior of unreinforced masonry, it may be necessary that
isolated unreinforced masonry buildings also be strengthened to
avoid significant inelastic action. conventional strengthening
consists of overlaying masonry walls with cast-in-place concrete or
shotcrete, adding supplemental steel braces, and so on.

FPS isolators could be added to many bearing wall systems and
would be expected to reuuce the need for strengthening and improve
performance by reducing drifts and accelerations in the supported
structure, and providing a dependable means of dissipating
substantial amounts of seismic input energy. Such uses of FPS
isolators could help the designer preserve the architectural

features of the building, an important consideration for historic
structures.

A simple installation method that would be applicable in many
cases is shown in Fig. 3.1. In this example, short segments of an
existing wall are shored and a small segment at the bottom of the
existing wall is removed. Collectors and wall support beams are
then cast to the sides of the wall. Shear keys and lateral
prestressing may be effectiveiy used to transfer seismic and
gravity loads from the existing walls to the new support beans.
FPS connections are installed at reqular intervals beneath the new
support beams. Where possible, existing foundations may be used.
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A diaphragm should be provided at or near the base of the
wall to tie the base of the structure together and to provide a
new floor for the occupants. This diaphragm would permit the use
of the FPS technique in buildings having interior columns as well
as walls. FPS isolators would be placed beneath the columns, and
the diaphragm would constrain the base of the columns te move with
the reminder of the building. The floor provided by the new
diaphragm would make the seismic retrofit undetectable to occupants
of the building. In some cases, it may be possible to relax the
need for a diaphragm immediately adjacent to the FPS isolators.
However, this would regquire investigation of the integrity of the
walls and of the overall system on a case by case basis,

Other deficiencies may also exist in the building that need
to be addressed in the retrofit process. Notably, many bearing
wall structures are asymmetric, raising the potential for damage
associated with torsion. The use of FPS isclators may reduce the
need for major structural alterations to restore symmetry to
bearing wall and other types of buildings.

Frame Systems. -- The second group of structures that was
considered relates to those employing moment resisting frames.
Frames built of non-ductile reinforced concrete have been
identified as being particularly susceptible to earthguake damage
{e.g. Refs., 3.1 and 3.3). Prior to the 1972 Uniform Building Code
it was possible to construct reinforced concrete frames using

details intended primarily for resistance of gravity 1lecad. For
example, the 1961 UBC did not require ductile detailing for
reinforced concrete buildings under 13 stories in height. Later

editions of the UBC still permitted the use these conventional
"non=-ductile" frames provided the seismic performance factor K was
increased from 0.67 to 1.0. Following the 1971 San Fernando
earthquake, UBC provisions for reinforced concrete buildings were
changed to reqgquire special ductile detailing in all frames
considered to be part of the lateral load resisting system and, in
most cases, all frames along the perimeter of a building. As will
be seen in more detail later, the required lateral design forces
for concrete frames have more than doukled since 1961. In many
instances even these early force reguirements were more than
double those used in the design of frames 1in the 1950's and
earlier. Thus, the damage expected in such early reinforced
concrete frames, especialiy those constructed without special
"ductile"” details, might be substantially greater than that
anticipated in buildings designed using current design procedures.
In many recent earthquakes in the U.S. and abroad this damage has
lead to catastrophic results.

While steel frames have generally performed well during
earthquakes, concern has been expressed about earlier designs
incorporating masonry infills. These infills significantly
influence the structural and dynamic characterictics of the
structure, and the seismic response may be substantially different
than that anticipated by the design engineer. 1In other instances,
steel frames may contain members having non-compact sections,
carrying heavy axial loads, or connected using bolt or rivet
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details insufficient to yield adjacent critical members. These and
other factors could impair the ductility capacity of these frames.
Damage rates for steel frames buildings in Mexico City as a result
of the 19B5 Michocacan earthquake were comparable to those for
reinforced concrete frames (when flat slab construction is
disregarded (see Ref. 3.6). Damage to steel frame structures
constructed prior to 1950 was reported as being particularly
severe, Thus, instances where steel frames would be require
retrofitting should be anticipated.

One of the most common conventional methods for strengthening
existing frame structures, in steel or reinforced concrete, is the
addition of shear walls or braced frames. While these can easily
add the desired strength and in some instances ductility, there are
a number of potential problemnms. The first of these is the
difficulty of providing new foundations under the new lateral load
resisting elements. Typically, these types of elements resist
substantial overturning forces. Extension of existing footings or
addition of new pile foundations within the confines of an existing
building is a difficult and expensive undertaking. To mitigate
these proklems, multiple wall or bracing systems should be used.
This, however, means that the retrofitting will involve large
portions of all floors of the building.

Alternatively, FPS isolators may be used in most frame
systems, They would help limit the forces that can be introduced
into the system, reduce drifts and accelerations in the supported
structure, and substantially augment the energy dissipating
capacity of the existing structure.

A simple installation detail that would be applicable in many
cases for reinforced concrete frames is shawn in Fig. 3.2. A
corresponding detail for steel frames is shown in Figure 3.3. 1In
both cases the columns are shored and an FPS connection is
installed somewhere along the length of each column. In some
instances it will be necessary to strengthen the columns supporting
an FPS connection. This will depend on the nature of the expected
seismic response and the detailing of the existing column.
Additional information regarding this topic may be found in Chapter
7. FPS connections would be installed at only one floor level and
implemented sequentially a few columns at a time. Thus, disruption
to the occupants would be minimized.

The location of the FPS isoclator is determined by
architectural considerations, relative &ifficulties in installing
new ceilings or floors (where necessary), foundation conditions,
moment and shear capacities of columns, story drift limits, and the
desired base shear capacity of the structure. In general,
determination of the optimal location of the FPS isolator will
require a detailed evaluation. For example, placing the isclators
at midheight of the columns will reduce the column moment
requirements and story drift demands for the same lateral load
capacity. Placing the FPS isolator at the bottom of the column
will minimize the moments that need to be transferred to the
existing foundation. Placing the FPS isolator at the taop of the

67



column will minimize the need for alterations to the building for
egress. The optimal location will depend on the particular set of
circumstances associated with a specific building. Once functional
and response criteria are established, implementation details are
addressed using engineering analysis and design methods.

Buildings with irregularities in elevation may 1lend
themselves to special treatment using FPS isolators. If analysis
indicates that a building has particularly heavy seismic demands at
a certain level, due for instance tc setback conditions, it may be
possible to install FPS isolators in this region of the
superstructure, An example of this is shown in Fig. 3.4. of
course, much more study will be required to assess the feasibility
of such solutions.

In the case of structures possessing very little lateral load
resistance or having little or no ductility, it may be necessary to
strengthen the superstructure and to provide ductile details.
Generally, these may not have to be provided for the full height of
the structure or for all members at all levels. An example of this
is shown schematically in Fig. 3.5. In general, the reguired
details will be substantially more severe if FPS iscolators were not
used. Moreover, FPS isoclators control the forces that can be
transferred into the structure during unanticipated earthquakes
larger than those considered as part of the rehabilitation process.

Other Structural Systems. -- Other types of existing systems
may be sBusceptible to damage during earthgquakes. Notable among
these are shear wall and brace frame structures. Provided these
structures would tend to slide rather than rock during a major
seismic disturbance, FPS isolators would be applicable in a manner
similar to that described previously. Previous experimental and
analytical studies have shown that limited vertical uplift of the
FPS isolators, as might occur during rocking of slender walls or
brace bents, does not pose a problem. However, if rocking becomes
the dominant mode of behavior, other modes of rehabilitation may be
more effective. Careful study of the response and design of these
systems are reguired on a case by case basis.

Other Retrofitting Problems, -- Several types of problems
are frequently encountered in retrofitting existing buildings that
are not associated with a particular type of structural system.
One problem encountered in the case of seismic upgrades using
seismic isolation techniques is close proximity to other
buildings. In some cases only a small separation exists between
buildings. One of the attributes of the FPS is that the amount of
sliding displacement developed can be effectively controlled by the
period and friction coefficient of the connection. Several case
studies are presented in Chapter 7 and the interrelationship is
described in Adetail in Chapter 7. By choosing a FPS isolator with
a lower sliding period or higher friction coefficient, the amount
of sliding displacement will be reduced. Of course, this reduction
in sliding displacement must be traded off against higher base
shear demands on the structure. In this case, additional
modifications to the building may be required. still, these
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modifications are likely to be substantially less extensive than
those required if the building were not supported on FPS isolators.

In some instances the building may have a major setback near
the ground level. Many building of this type are used for
commercial and residential occupancies. In these cases it may be
convenient to upgrade the lowrise portion of the structure using
conventional strengthening techniques, such as by adding shear
walls. However, these techniques may not be suitable for the tower
portion due to functional or economic reasons. Conventional
seismic isolation strategies will be difficult to inplement due to
the large overall size of the entire building and the difficulties
in separating the tower portion away from the extended base
portions. Using FPS connections, it may be possible to isolate the
tower at a level above the exXtended low rise structure. A simple
schematic example of this concept is shown in Fig. 3.6. Again,
further studies will be required to assess the feasibility of such
solutions.

In many cases, foundations in an existing building are too
weak to take additional loads that may be developed if the
structure is significantly strengthened. This is especially true
if new elemants such as shear walls and braced frames are to be
added. The cost of adding piles under existing buildings would be
in most instances prchibitive. The FPS connections may provide a
effective solution in these cases. The relatively lower lateral
load demands and reduced moment requirements associated with FPS
connections will generally mean that only limited modifications to
the foundations will have to be made.

3.5 A Simple Case Study

To illustrate some of the basic concepts indicated above, it
is useful to consider a simple, yet guantitative, example. For
this purpose, the three story Operations Building used in Chapter 2
to develop cost equivalent FPS isolation techniques will be
reconsidered. However, lateral strengths will be based on
estimates of{ values corresponding to earlier reinforced concrete
moment resisting frames.

If the Operations Building were designed according to the
1985 UBC with an importance factor of unity ( I=1.0 ), a working
stress base shear coefficient of 7% waould be required ({i.e.,
0.11/1.5 = 0.07). If one considers the same building, but
designed according to the 1961 UBC, the base shear would be
evaluated according to the relation:

V = ZKCW
in which

¢= 0.05/T1/3

69



and where the other terms are as used in the current code. The
resulting working stress design base shear coefficients for both
codes are shown in Fig. 3.7. Evaluating the 1961 UBC expression
for a structure with a period of 0.86 seconds as was done for the
Operations Building example, results in a base shear coefficient

of about 3.5%. This means that the required design code forces
for this building have doubled in only twenty-four years. Ratios
for other structural pericds are also shown in Fig. 3.7. It is

interesting to note that if this building were designed according
to requirements in force in San Francisco in 1958, the required
design base shear cocefficient for the period in question would be
only 2.4% (Ref., 3.7), nearly three times smaller than reguired in
1985. It is similarly important to recognize that reinforced
concrete frames were designed for the same lateral forces as steel
frames, and that no special ductile detailing requirements were
imposed by these early codes for either type of structure.

This comparison of required design forces is still not
necessarily a good indication of the possible differences in the
strengths of new and older buildings. For exarvle, the non-
isolated Operations Building considered previcusly was estimated
using plastic analysis procedures to have an ultimate base shear
coefficient of about 45%, three times stronger than 14% which was
used teo design the building on a elastic basis. This overstrength
is a result of the control of the seismic design by drift
considerations, the inherent factors of safety, conservatism in
design and selection of member sizes as a result of practical
considerations. Similarly, differences in nominal design loads and

plastic strength capacities for older buildings could be very
large,

To devise a simple numerical example the general
configuration and dynamic characteristics of the Operations
Building was used. According to the 1985 UBC, this building would
have a design base shear coefficient of 0.07 for a ductile steel or
concrete frame, assuming a period of 0.86 seconds and normal
occupancies (I= 1.0). The cost egquivalent isolated building
(Chapter 2) was designed for a base shear coefficient of 0.067,
based on an isolated period of 2.25 secs., and an occupancy
importance factor I equal to 1.5. Assuming a base shear ultimate
plastic strength capacity of 0.3}, egual to that of the cost
egquivalent iscolated building, the lateral strengths of this
non-isclated building would be like those shown in Fig. 3.8.

This structure was analyzed considering the north-scuth
component of the 1940 El Centro earthquake record scaled to 70%g
(corresponding to the hypothetical nearby magnitude 7 event) and
5% viscous damping in all elastic modes. A summary of the building
response is given in Table 3.1. The values reported are the total
displacements relative to the ground, structural ductility demands,
structural interstory drift displacements and hysteretic energy
dissipation by structural elements. These plots show that the
building develops a displacement ductility of 4.1 in the first
story and less than 1.7 in the upper floors. Significantly, this
building develops 4.8 inches of lateral displacement in the first
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story. In view of the large interstory drifts developed for this
structure, the performance of existing weaker structures might be
questioned.

To assess this in a simple manner, the same structure was
re~analysed with the strengths of all stories reduced by a factor
of 4. This strength reduction is severe, but not unrepresentative
considering the changes in building code lateral force
regquirements ocover the past 25 years. If we subject this
hypothetical existing structure to the same earthquake, the results
are shown in Fig., 31,9 and Table 3.1, In this case, the ductility
requirements increase to more than 20 in the first story (and 2.1
and 3.4 in the second and third stories, respectively) and the
first story lateral displacement increases to more than é inches,

The original non-isolated Operations Building would have an
ultimate bease shear coefficient of about 31% based on plastic
analysis, if the importance factor is taken as unity. The
hypothetical existing building is one~guarter as strong so it would
have an ultimate base shear capacity of 7.75% of the weight of the
structures. This is sufficient to permit use cof FPS connections,
if the friction coefficient selected is 0.05 and the period of the
isolators is taken to be 3.0 sec. FPS connections are assumed to
be inserted in the structure as done in the cost egquivalent FPS
structure, utilizing attacament methods shown in Fig. 3.2, Other
combinations of parameters are considered in Chapter 7. When this
weak existing building model is supported on FPS8 conhnections and
subjected to the hypothetical magnitude 7 event, the response
plotted in Fig. 3.10 results (also see Table 3.1). Ductility
demands in the first story columns are reduced by nearly 60% to 8.4
and column displacements in the first story are reduced to 2.3
inches, as compared to the non~isclated building. Displacement
ductilities in the second and third stories are reduced to 1.5 and
3.0, respectively. The total displacement of the story and of the
roof are also reduced, but by smaller amounts. The difference is
accounted for by the sliding of the FPS isolator.

In this example, the columns at the base of the structure
were assumed so far to remain the same size as found 1in the
original existing building. The relatively low drifts and
ductilities found in the upper stories may be acceptable depending
on the detailing of the structure. However, the demands on the
columns of the ground story are still excessive, especially if the
structure 1is constructed of reinforced concrete. As will be
described in more detail in Chapters 7 and 8, it is passible to
adjust design parameters to improve performance.

For the structure considered here, several alternatives are
possible. For example, the friction coefficient of the FPS
isolator could be reduced, the period of the isolator could be
increased, and the strength of the column could be increased. It
is unlikely, at least for the time being, that the friction
coefficient could be reduced significantly below the level already
used in the exanmple. The period of the isolator governs the
increase in strength of the isolator as it slides. If this rate of
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increase in capacity is reduced by increasing the period of the
isolator, less demands will be put on the columns. Similarly, the
existing columns might be logically strengthened. For example, if
the columns were constructed from reinforced concrete, the columns
would be 1likely to need additional transverse reinforcement to
provide confinement for ductility and to improve shear resistance.
In this case, it would not be difficult to increase the strength as
well.

For the structure considered here, additional analyses have
been performed for these alternatives. In the first case, the
lower level structural elements were assumed to remain elastic.
The forces developed in these columns were 41% larger than those
incorporated in the original structure. Thus, the columns of the
lower story would have to be strengthened by 41% to make them
respond elastically. While this is a significant increase, the
strengthened columns are still only 35% as strong as would be
required to have the columns satisfy the 1985 UBC strength
provisions for a non-isolated structure. Moreover, the reserve
capacity of the existing foundations may be sufficient with this
level of increase to minimize any modifications to the
foundations. It should be pointed out, of course, that it is not
necessary for these first story columns to remain elastic. Smaller
levels of strengthening can be used provided that details are used
to supply the required ductility.

Similarly, a longer period FPS5 isolator can be used. If a
pericd of 4 seconds is assumed in the analyses, the displacement
ductility demands on the first floor columns are reduced from 8.4
to 2.8 (see Fig. 3.10 and Table 3.1). Whether this value is
acceptable or not depends on the detailing of the critical regions
of the columns. However, the example does ciearly indicate the
ease with which the designer can modify seismic performance by
selection of isolator and structural parameters.

Another alternative for reducing the Aarift and ductility
denands on the first story columns is locating the FPS isolator at
the midspan of the column. The column will then act as if it had a
point of inflection at its midheight, rather than one at the top.
As a result, the column will develcp only half the moment at its
ends for the same force in the FPS connection, and the lateral
stiffness of the first story will increase by a factor of 4
assuming the ends of the columns are fixed. This placement has
many advantages, but the architectural and functional impacts mnust
be carefully investigated. Since this change would modify the
dynamic properties of the building as well as the moment to shear
ratio in the ceclumns, detailed analyses were not performed here.

It should be recognized, however, that in an actual design
situation a wmore thorough investigation of the impacts of design
and load variables would have to be considered. In particular,
several ground motions representative of those expected at the
gsite would have to be considered. Potential variability in
structural characteristics due to material variability and
workmanship would also have toc be considered. Adequate factors of
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safety would have to be imposed against any undesirable
performance criterion established for the structure, The FPS
igolators can provide the designer with a dependable device with
well understood and controllable engineering properties. As seen
in the simple analytical examples presented herein, FPS isolators
are not only able to reduce undesirable aspects of the seismic
response of existing buildings, but the response can often bs
adjusted to suit performance requirements by simple design
modifications.

3.6 Summary and Conclusions

It has been shown that seismic upgrading of existing
buildirgs introduces numerous design considerations many of which
are not usually relevant or emphasized in the design of new

buildings. Based on a review of these considerations, the FPS
isolation technigque provides a particularly effective and flexible
means of seismically rehabilitating existing structures. The

versatility of installing the isolators in a structure along with
their well understocd governing principles makes design using FPS
isclators particularly attractive. It has been shown that the FPS
isolators can significantly reduce the design force levels that
need to be considered in the design of seismic retrofits, while
providing an efficient means of augmenting the overall energy
dissipation capacity of a structure. Buildings with problenms
associated with torsion, irregular configurations, and excessively
weak or brittle structures may be well suited for upgrading with
FPS isoclators.

Generally, FPS isolators could be installed in many types of
structures, like unreinforced masonry bearing wall buildings or
reinforced concrete frames, with a minimum of disruption of
services to occupants. Available numerical methods makes the
preliminary design of FPS supported structures relatively simple.
The examples presented herein demonstrate that design alternatives
can be easily analyzed and evaluated, and improved design
alternatives quickly identified based on well known properties of
FPS isolators.

The studies presented here have used simplified structural
models to examine overall structural performance, for purposes of
examining the feasibility of using the FPS as a retrofit tool.
Additional detailed studies are required to investigate the local
effects on individual structural membhers that would result from the
changes in the dynamic response and force distributions. In
addition, experimental verification of the glecbal and local effects
are needed. Such studies would need to differentiate between the
various kinds of existing hazardous buildings. Moreover,
acceptance and use of these retrofit technigques by the building

industry would require the development of reliable, yet simplified
design procedures.



3.7 References - Chapter 3

3.1 Applied Technology Council, "Evaluating the Seismic
Resistance of Existing Buildings,® ATC-14, Redwood City, CA, 1987.

3.2 AB¥, a Joint Venture, "Methodology for Mitigation of Seismic
Hazards in Existing Unreinforced Masonry Buildings,” ABK-TR-01,
Agbabian Associates, El Sugundo, CA, 1981.

3.3 URS/Blume and Associates, “"Techniques for Seismically
Rehabilitating Existing Buildings (Preliminary)," San Francisco,
CA, March 1989.

3.4 Zayas, V., Low, S., and Mahin, S., "The FPS Earthgquake
Resisting System: Experimental Report,” Report No. UCB/EERC-
87/01, Earthquake Engineering Research Center, University of
California, Berkeley, CA, June 1987,

3.5 "Division 68, Earthquake Hazard Reduction in Existing

Buildings," Building Safety Ordinances, City of Los Angeles, CA,
1981,

3.6 Martinez-Romero, E., "Damage Assessment and Seismic Behavior
of Steel Buildings in Mexico City," Proceedings, International
Conference on the Mexico Earthquakes - 1985, Mexico City, Sept.
1986, published by ASCE.

3.7 Berg, G., "Seismic Design Codes and Procedures," Monograph,
EERI, El1 Cerrito, CA, 1982.

74



SL

TABLE 3.1 Response Data for Existing Buildings --
1940 El Centrc (NS) Record scaled to 0.7g

Item Displacement  Struct. Drift Ductility
{inches) (inches)

Story 1 2 3 1 2 3 1 2 3

Non-Isolated 4.8 5.1 6.3 4.8 2.1 2.4 4.1 1.5 1.7

Building Designed
using 1885 UBC

Non-isolated Building 6.2 6.5 7.4 6.2 0.8 1.2 20.4 2.1 3.4
with Strength Equal

to 1/4th of 1985

Building --"The

Existing Building"

Isolated Existing 5.2 5.3 5.8 2.3 0.5 1.1 8.4 1.5 3.0
Building:; Tc=3 sec.

Isolated Existing 4,6 4.7 5.4 0.8 0.6 1.1 2.8 1.6 2.7
Building with
Tc = 4 seconds.

Isolated Existing 5.8 6.0 6.4 0.4 0.5 1.0 1.¢ 1.4 2.8
Building with

Elastic First

Story; Tc = 3 sec.
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4.1 Introduction

Application of the FPS concept requires the abjlity to chocse
and reliably achieve friction coefficients suitable to the
particular building and the earthquake conditions. During prior
shake table tests of simple building models on FPS connections
(Ref. 4.1), the dynamic friction coefficients of the FPS components
were measured to be approximately 10%. on the basis of analyses
reported in Chapters 2, 6, 7, and 8, a 10% dynamic friction
coefficient appeared well suited to the isolation o©of new buildings
designed to resist very strong earthquake ground motions, such as
the example Operations Building presented in Chapter 2. The 10%
friction coefficient provides a large energy absorption capacity,
and minimizes sliding displacements, permitting the use of
relatively compact isolators. A 10% friction coefficient also
facilitates the absorption of long period earthquake motions, such
as occurred in the 1985 Mexico City earthquake; and the absorption
of earthquake motions with strong near field pulses, such as the
Pacoima Dam earthquake record.

Mast existing older buildings, however, would not have the
lateral load strength necessary for effective use of I'PS isolators
with a 10% coefficient of friction. The weak lateral strength of
these buildings requires isolators with a lower friction
coefficient. A lower friction coefficient isclator would also be
required for the design of new cost-equivalent moment frame
buildings which have a normal occupancy factor of I = 1.0. On the
basis of the analyses presented in Chapters 3, 7, and 8, it
appeared that a dynamic friction coefficient of 5% would be
suitable for many such applications. With a 5% friction
coefficient, the resulting base shears would be low enough to
achieve a predominantly linear response in the upper structures.
If coefficients of friction substantially lower than 5% were used,
additional considerations for movements under wind loads woculd be
required. To investigate the ability to achieve friction
coefficients in the 5% range, tests of FPS compohnents were
performed and the results are reported in this chapter.

4.2 Background

It was observed during the prior tests of the 10% friction
coefficient FPS assemblies (Ref. 4.1), that the dynamic friction
coefficient varied with velocity. Quasi~static tests performed at
very slow sliding velocities of less than 0.05 inches/sec. were
observed to have friction coefficients of 4%. This was less than
half the dynamic friction values of 8 to 10% observed during the
shake table tests. It was considered important, therefore, to
perform component tests with controlled relative velocities to
better understand the relationship between dynamic friction and
velocity.

Another consideration is the static break-away friction; ie, the
friction value for the first sliding movement after a period of
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time has elapsed durirg which no movement has occurred, In
general, the static break-away friction is expected to vary
depending on the amount of time which has elapsed without
movement. During the prior tests there was no observable effect of
static break-away friction. This indicated that it was always less
than the dynamic friction. However, the amount of time hetween
teats varied from a few minutes to a few hours.

During the component tests presented below the velocities could
be controlled and the velocity dependency eflfects evaluated,
However, the amount of time at full load withou' sliding movement
was only a few minutes. This amount of time without movement was
not sufficient to adequately investigate the static break-away
phenomenon. A more comprehensive investigation nf the break-away
phenomenon, and other considerations relative to the long-term
reliability of the dynamic friction coefficient jis planned for the
Phase II research program.

4.3 Component Test Program

In order to understand the relationship between the dynamic
friction and velocity, and to confirm the ability to achieve
dynamic coefficients of friction of 5%, individual FPS components
were tested at the University of California, Berkeley, Earthquake
Engineering Research Center. The test machine has the ability to
achieve high relative velocities of up to 20 inches/second,
considered representative of high earthquake velocities. This
chapter documents the experiments, and presents the results.

Photographs of the FPS connections and test set-up are shown in
Figs. 4.1 and 4.2. Schematic illustration of the high velocity
test rig is shown in Fig. 4.3, The test rig consisted of one
horizontal actuator which c¢ould achieve high speed lateral
velocities, and two vertical actuators to control the vertical load
and bearing pressures on the FPS components. The lateral lcad and
vertical load on the FPS were measured by a load cell located under
the FPS connection, and also by load cells located within each of
the actuators. Lateral displacement was measured by the linear pot
mounted on the test frame, and also by an LVDT located within the
horizontal actuator. In corder to accurately record the responsas
which occurred during the high speed and high frequency cycles,

data from the instrumentation was collected at a rate of 250 data
points per second.

The FPS components had self-lubricating bearings materials and
mating surfaces which were designed to achieve dynamic coefficients
of approximately 5%. The specific materials and manufacturing
specifications of the FPS components are not disclosed for reasons
of commercial competitiveness.
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4.4 Test Results

Hysteretic responses of the FPS connections, tested at a
constant lateral loading velocity of 0.1 inch/sec., are shown in
Figs. 4.4 and 4.5. The hysteretic responses are plotted as the
ratio of lateral load to axial load (coefficient of friction)
versus the FPS travel displacement. The vertical load in these
tests was 30 kips, resulting in a contact pressure on the bearing
assembly of 17 ksi. At this pressure and very slow velocity, the
coefficient of friction was observed to be 3%, The hysteretic
loops were observed to have an ideal bi-linear response. The tests
confirmed that the concave supporting surface results in a linear
lateral stiffness throughout the displacement range, Tests
performed at different vertical loads ranging from 8 tec 44 Xips (5
to 25 ksi), confirmed that the lateral stiffness is directly
proportional to the vertical load.

Fig. 4.6 shows four hysteretic responses of the FPS connections
for sinusoidal 1loading cycles. The 1lateral velocity varies
sinusoidally, starting at zerc at the maximum displacements, and
reaching the peak velocity at zero FPS displacement travel. The
peak velocities ranged from 0.2, 0.5, 1,5, and 2.5 inch/sec., and
resulted in peak coefficients of friction of 4.2%, 4.6%, 4.8% and
4.9%, respectively, at a bearing pressure of 17 ksi. The
coefficient of friction was observed to increase with increasing
velocity, but quickly leveled off. At a relative velocity of 0.2
inches/second, the friction coefficient had achieved 85% of its
peak value. Since relative velocities for earthgquake motions of
interest would typically vary within the range of 1 to 20
inches/second, friction coefficients for these velocities dominate
the response. Lower frictions occcurring at velocities less than
0.2 inch/sec. have little effect on the overall response. This
effect was observed during the prior shake table tests of 10%
frictica FPS components, and explains why the lower fricticn values
which were observed at very slow velocities during the component
tests were essentially not noticeable during the shake table tests.

To further investigate the effects of different velocities and
pressures, a standard loading set was used which included multiple
sinusoidal cycles with varied peak velocities. The time history
loadings for the lateral displacement and velocity plots are shown
in Figs. 4.7 and 4.8, respectively. The peak velocities of the
different cycles were 0.2, 1.5, 3, 6, 11, and 21 inches/sec. The
frequencies of these sinusocidal cycles varied from 0.16 to 7.1
cycles/sec. The loading set was run at different bearing pressures
ranging from 5 ksi. to 25 ksi. The test machine was able to
maintain a relatively constant vertical load for cycles wit- peak
velocities up to 3 inches/sec. For the higher frequency uycles,
the vertical load actuators were not able to track the surface
curvature gquickly enough to maintain a constant vertical load. The
variations in vertical load which occurred for a target load of 27
kips (15 ksi) are plotted in Fig. 4.9. The vertical loads during
the high frequency cycles varied by up to 25% from the target load
value,
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The hysieretic responses to the sinusoidal loading set for a
bearing pressure of 15 ksi are shown in Fig. 4.10, The dynamic
friction for each cycle was measured from the thickness of the
hysteretic loop occurring at zero displacement. The friction
coefficient which occurs in first cycle, with a peak velocity of
0.2 inches/second, is observed to be lower than the friction
coefficient in all other cycles, The dynamic friction in later
cycles, with peak velocities ranging from 1.5 to 21 inches/second,
were approximately equal. A break-away coefficient of friction of
approximately 3% can be observed in this first cycle, Since the
sliding friction for the first cycle was low, the effect of
break~away friction could be observed. However, had the velocity
of the first cycle been higher, the break-away effect would have
been masked by the higher dynamic friction. Thus, for the higher
sliding velocities a break-away effect is generally not
noticeable. However, further investigation of the break-away
effect after varied amounts of time without movement is required.

The hysteretic responses to the sinuscidal loading set for
bearing pressures of 17, 20, and 25 ksi, are plotted in Figs. 4.11
to 4.13, respectively. The dynamic friction coefficient was below
5% for all cycles of lcading in all load sets. A break-away
friction effect was not observable in these sinusoidal load sets.
The peak dynamic friction values occurred in the cycles with a 1.5
inches/second peak veloccity.

The peak dynamic friction coefficients soccurring in each cycle
of the sinusoidal lcad sets are plotted in Fig 4.14. For the
bearing pressures between 17 and 25 ksi, as the peak velocities
increased from 1.5 to 21 inches/second, the dynamic friction
coefficients decreasad. It was not clear if the decrease in the
friction cocefficient was an an effect of the increasing velocity,
or of the variations in vertical load which occurred at these
higher velocity cycles. Thie effect will be further investigated

in Phase II using shake table tests of the 5% friction coefficient
assemblies.

The relationship between bearing pressure and peak dynamic
friction, as measured during the sinusocidal locad sets, is plotted
in Fig. 4.15. As the bearing pressure was increased from 5 to 15
ksi, the peak dynamic friction was observed to decrease from 9 to 4
. For pressures between 15 and 25 ksi the peak dynamic pressures
remained fairly constant, within the target range of 4 %o 5 ksi.

4.5 cConclusions

The FPS assemblies designed for low friction applications were
able to consistently achieve dynamic cecefficients of friction of
less than 5%, These dynamic frictions of less than 5% were
achieved in sinusoidal cycles with peak velocities ranging from 0.2
to 21 inches/second. The hysteretic loops were observed to have an
ideal bi-linear response. The tests confirmed that the concave
supporting surface results in a linear lateral stiffness t .roughout
the displacement range, The dynamic friction wvalues were fairly
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constant for bearing pressures between 15 and 25 ksi. At pressures
less than 15 ksl the dynamic friction values exceeded 5%.

In general, the peak dynamic friction coefficients were betwean
4 to 5%, and occurred at sliding velocities of about 1 .5
inches/second. The static break-away coefficient of friction was
always less than the peak dynamic friction. At very slow
velaocities in the range of 0.1 to 0.2 inches/second, a reduced
dynamic friction of between 2 and 3% was observed. The velocity
range in which the 2 to 3% friction values occurred Jas very
narrow, and substantially below the sliding velocities which occur
during earthquake motions. This velocity dependent effect can be
beneficial by reducing stick-slip motions and high freguency
vibrations which might otherwise occur during earthquake motions.
However, because this velocity range is small, these effects do not
change the overall seismic response of FPS supported structures.

Shake table tests are required toc confirm the performance of the
low friction FPS assemblies under simulated earthquake cocnditions.
Once verified, these low friction assemblies could have
applications for retrofit of existing hazardous buildings, and for
cost equivalent construction of new buildings.

4.6 References ~ Chapter 4

4.1 Zayas V.A.,; Low 8.S., and Mahin S5.A., "The FPS Earthquake
Resisting System: Experimental Report,” UCB/EERC=87/01,
Earthgquake Engineering Research Center, University of California,
Berkeley, June 1987.
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Fig. 4.1 Photographs ol Test Specimen and Testing Apparatus
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5.1 Introduction

Two unigue properties of pendulum motion are that: the natural
vibration period is independent of the mass and; the lateral
stiffness is directly proportional to the supported weight. These
properties of the FPS lead to reductions in torsional motions. The
reductions in torsion motions reduce torsional loads on supported
buildings and give engineers and architects a method for improving
the torsional response of asymmetrical and irregular buildings,

In this Chapter the torsion properties of the FPS are reviewed:
experimental results obtained from tests of asymmetrical building
models are evaluatai; analytical models which can represent the
torsional properties of the FPS are developed; the results obtained
from three dimensicnal aynamic analyses are compared to experimental
results; parameter studies are used to expand the experimental and
analytical results for cases representative of building applications;
and a simple equation is suggested which can conservatively estimate
torsion displacements which occur in FPS supported structures.

5.2 Torsion Properties of The FPS

The lateral restoring stiffness of an FPS isolator is directly
proportional to the supported weight. The friction force is also
proportional to the supported weight. As a result, the center of
lateral stiffness and center of friction resistance of the FPS
isolator group coincides with the center of mass of the structure.
When the isolatar group is sliding the calculated torsion
eccentricity of the FPS group is zero. The center of mass and center
of rigidity remain ceoincident, even if the masses are moved or
changed after the building is built. The properties of a coincident
center of mass and rigidity can substantially reduce the torsion
motions which occur in FPS isclated structures.

In an FPS supported structure, torsion motions occur prior to
sliding dAue to the eccentricities within the building above. Torsion
eccentricities which exist in the building above and small
differences in friction coefficients between isolators, cause small
torsion motions of the building during sliding. However, since the
restoring force provided by the concave surfaces dominates the
lateral stiffness and earthquake response, these torsional motions
are much smzller than they would be in the same building without the
FPS. Comparisons of such torsion motions are presented below.

5.3 Experimental Torsion Response of Asymmetrical Structures

Asymmetrical structural models were tested on the shake table at
the Earthguake Engineering Research Center, U.C. Berkeley, to
investigate the torsion response of buildings with FPS isolators
(Ref. 1). Photographs and schematic illustrations of the structural
models are shown in Figs. 5.1 and 5.2. The location of the mass and
the structural stiffness of the structural models were modified to
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achieve Jdifferent torsion eccentricities. The torsion eccentricity
is measured as the horizontal distance between the center of mass and
the center of rigidity for the building model above the isclators,
divided by the length of the building model. The center of mass of
the building model is computed as the centroid of the two concrete
masses above the isolator level as shown in Fig. 5.2. The center of
rigidity is computed as the center of stiffness of the structural
frame above the level of the isolators. The total torsion
ecceritricity, measured as the distance between the center of mass and
center of rigidity, is referred to as the geometric eccentricity.

Mass eccentricities of 6% and 10% were achieved by moving the
concrate mass at the top of the model. Stiffness eccentricities of
20% were achieved by turning one column to the strong axis direction,
while leaving the other three columns oriented in the weak
direction. Moving the mass towards one end of the model, and
increasing the structural stiffness of the opposite end, achieved a
total geometric eccentricity of 30%.

The torsion motions occurring in the structural models were
measured by comparing the maximum lateral displacements which occur
at the corners of the horizontal diaphragms to the maximum 1lateral
displacements which occur at the center of the diaphragm. The
percentages by which the corner displacements exceed the center
displacements are the torsion displacements measured in percentage,
and are plotted in Figs. 5.3 and 5.4. The results are shown for the
2 x E1l Centro and 1 x Pacoima Dam earthguake motions.

The corner torsion dispiacements occurring in the upper level of
the structure with 30% geometric eccentricity were 5.6% greater than
the center displacements for the 2 x El Centro loading. Considering
the large torsion eccentricity of the structural model, the torsion
effects were remarkably small. The FPS jsclators displaced lataerally
under the earthguake loadings, underwent only minimal torsion
motions. The torsion motions that occurred in similar models which
had been tested without the FPS approached 100% (ie: pivoting around
the strong column axis) (Ref. 5.2). During these previous tests of
non-isolated structures, the model end with the weak axis columns
yielded, while the end with the strong axis column remained elastic,
resulting in a plastic torsion node of response.

5.4 Analytical Modeling of FPS Isolated Structures

Three dimensional nonlinear time history analyses were used to
investigate the torsional response of FPS supported structures. The
computer program ANSR (Ref.-5.3) was used to model and analyze the
test structure. The experimental results were used to verify the
accuracy and capabilities of the analytical model. The analytical
model was then used to predict torsional motions for full size
building cases which can not be tested on the shake table. Parameter
studies were then performed to extend the analytical results for
buildings with different configurations and pericds, and to
investigate the effects of different isolator friction coefficients
and periods.
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The analytical model is an assembly of isclator models, and
axial, and beam members as shown in Fig. 5.5. The test structure is
modeled as an elastic upper structure on non-linear FPS isolators.
The FPS isolators were modeled using a truss element (tension rod) to
capture the curvature effects, and elastic plastic struts to
represent the friction force resistance, as shown in Fig. 5.6. The
length of the truss element was set equal to the radius of curvature
of the concave surface. Geometric stiffness and large displacement
effects were included in the analyses. This model was able to
appropriately represent the natural period and weight proportional
stiffness properties of the FPS isolators. The friction forces were
fixed at a constant value computed on the basis of the building
weight distribution. The stiffness and the mass of the test
structure above the FPS were matched to the experimentally measured
properties. With this modeling and analytical approach, the analyses
were able to accurately simulate the response of the test structures
to the earthquake ground motion.

5.5 Comparison of Analytical Results with Experimental Results

Table 5.1 compares the experimental and analytical results for
test structures with four different geometric eccentricities,
subjected to the 2 X El1 Centro earthquake motion. Table 5.2 shows
results for the 6% eccentric model, subjected to three different
earthquake motions. Results in Tables 5.1 and 5.2 are reported for
the torsion moticns of the lower level frame directly above the FPS
isolators.

The analytical results were in good agreement with the
experimental results. This shows that the analytical model can
predict the torsion response of the FPS isolated structures, and can
account for effects due to eccentricities cccurring in the above
structure. Differences between the analytical and experimental
results are due to the structure idealization and time history
digitalization effects.

It is of interest to observe from Table 5.1 tha*t the analytical
and experimental results are closer for the asymmetrical test
structures, than they are for the case of the symmetrical test
structure, This is due to the fact that there is always some
accidental eccentricity. Impeosing an intended non-zero eccentricity
in both the test structure and analytical mode]l, reduces errors in
the analytical model which result from unknown accidental
eccentricitias. For both the symmetrical and 6% eccentric structure
models, the torsional motions occurring at the corners of the
structure model were egual to approximately 2% of the translational
displacement. This indicated that the accidental torsion motion was
approximately 2%, whether the model was symmetric or moderately
asymmetric.

In order to analytically predict the torsion response of the test
structures without the FPS, the analytical models were rerun
eliminating the FPS elements. Without the FPS elemants, the
analytical model becomes a linear elastic model of the test
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structure. The analytical results for the structure response with
and without the FPS are compared in Fig. 5.7. The results plotted
are the torsion motions of the second level horizontal frame of the
test structures. The results indicate that for the test structures
with 6%, 10% and 230% eccentricities, the FPS isolators reduced the
expected torsional displacements by 80%, 85%, and 89%, respectively,
as compared to the non-isclated structure. The analytical results
for the elastic model without the FPS apply to a structure strong
enough to remain elastic. The test structure without the FPS would
have yielded if subjected to the prescribed loadings. If the
analytical mocdel without the FPS could have permitted yielding of the
weak axis members, the computed torsion wmotions for the non-isolated
structure would have been substantially greater. Never-the-less,
torsion displacements for the the 30% eccentric model with the FPS,
were one third of those occurring in the 6% eccentric model of the
elastic structure without the FPS. Therefore, the FPS connections
were observed to significantly reduce torsional motions, as compared
to those which occur in asymmetrical structures without the FPS.

5.6 Model scaling and Structure Size Effects

The experimental structures were gquarter scale models. The
cxperimental displacements reported in Tables 5.1 and 5.2 were
multiplied by four to represent the full size prototype structure

response. To indicate that the data has been scaled to the
equivalent full scale value, the classification NFS (Normalized Full
Scale) is used alongside the scaled data. Analyses of the test

structure were first performed using the plan dimensions (6' X 97
and structure properties set equz2l to those of the model size. The
time scaled earthquake was used as the locading and the displacement
results were multiplied by four to obtain results for the full size
proto-type structure (24' X 36'). The analyses were then re-run with
the plan dimensions and properties set equal to those of the
proto-type structure (24' X 36'), and the real time earthquake used
as loading. Both analyses of the model size structure and proto-type
size structure gave the same results, which are the analyses results
reported in Tables 5.1 and 5.2. This confirmed that model scaling
effects were properly accounted for, and that the analyses could be
used to predict the response of full size structures.

To jinvestigate the possible effect of structure size, the
analytical model of the prototype structure was scaled up to
represent a more realistic full size structure with a base dimensicn
of 100' x 150°. The results for the 100' x 150' structure were
similar to those of the experimental structure (Table 5.3). The
results indicated that structure size did not significantly affect
the torsion displacements or the percentage torsion response.

§.7 Effects of Variations in Friction Coefficients

The effect of accidental differences in friction coefficients
was studied by varying the friction coefficients of the FPS isolators

111



in the analytical model shown in Fig. 5.5. By varying the
caoefficient in the analytical model, the torsion effects caused by
accidental variations in friction coefficients could be separated
from and compared to the effects of other accidental torsion
accentricities.

The structure and FPS properties were set to equal those of the
symmetric test structure. The friction coefficients were increased
in both isclators at one end of the model, to causa a difference in
the frictioen coefficiant between the two ends. The results for
variation in coefficients of friction of 0%, 5%, 10%, and 20%, are
reported in Table 5.7 and plotted in Fig. 5.8. Theé results show that
a variation in friction coefficient of 5% to 10% resulted in torsion
motions of 1.2% to 2.7%. These torsion motions were of similar
magnitude to the torsion motions occurring in the FPS supported test
structures with mass eccentricities of up to 10%. Thus, the
variations in friction coefficients of up to 10% caused similar
torsion motions to variations in mass eccentricities of up to 10%.
These torsional displacements were less than one third of those
predicted for the test structures without the FPS, with a 5% mass
eccentricity.

The friction variation of 20%, representing a large accidental
variation, resulted in a modest torsion motion of 5%. These torsion
motions were of similar magnitude to the torsion motions occurring in
the FPS supported test structures with mass eccentricities of up to
J0%. The torsional displacements were less than half of those
predicted for the test structures without the FPS, with a 5% mass
eccentricity. The geometric restoring forces provided by the concave
surfaces were able to compensate for large differences in friction
coefficients. The observed increases in displacement requirements in
the FPS isclators caused by ¢torsion effects are considered to be
negligible for purposes of design of the FPS isoclator travel
capacity. Moreover, imposed minimum mass eccentricities of 5% appear
sufficient to account for accidental torsion eccentricities which
occur due to variations in friction coefficients or other accidental
torsion eccentricities.

5.8 Structure and FPS Period Effects

The nonlinear time history analyses including geometric
stiffness and large displacement effects could be performed for the
test structures because they were relatively simple models. Detailed
analyses of full size structures using this approach would be a very
large and difficult numerical undertaking. The analyses cases
representing full size structures, which are reported below, used
simplified structural models which can capture the overall structural
response, but not the localized response at individual structural
menbers or isolators.

The test structure and analytical model had four FPS isolf.ors.
In order to further study parameters which could be expected to
affect the torsional responses of full size structures, a revised
analytical model was developed which included eight FPS isolators and
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a simple frame model of the structure above (Fig. 5.9}. Again, the
model is an elastic structure on nonlinear FPS supports. This model
was used to investigate the effects of structural period, isclator
period, and base length to width aspect ratio as reported below.

The model shown in Fig. 5.9 was analyzed for torsional motions
assuming building plan dimensiens of 100' X 200°. The mass
eccentricity was set at 5% of the building iength to represent a code
required minimum accidental eccentricity. First, the FPS sliding
period was fixed at 2.25 sec., and the pericd of the structure above
was varied from 0.18 secs. to 0.94 secs. This achieved structure to
isolator period ratics ranging from 0.08 to 0.42. The results are
given in Table 5.4. As the structural period was increased, the
torsional displacements also increased.

The model was again analyzed assuming a stiff structure with a
period of 0.18 secs., but varying the FPS sliding periods from 2.0 to
3.0 seconds. This achieved changes in iscolator pericd while
maintaining a low structure to isolatcr period ratio. The results
are given in Table 5.5. Increasing the isclator FPS period decreased
the lateral loads, increased the isolator displacements, and
increased the total torsional displacements. However, the total
torsicnal displacements remained very low since the FPS was
daominating the response.

From these results it was observed that increases in the structure
period or the isclator periocd result in increased torsion
displacements. However, it appears that by increasing the isclator
period, and decreasing the structure to isolator period ratio, a
greater portion of the torsion displacements may be absorbed by the
FPS, and torsional strains and damage may be reduced. Verification
of this possible effect is planned for the Phase II research program.

5.9 Horizcntal Aspect Ratio

The effect of a building's plan configuration was examined by
changing the length of the analytical model shown in Fig. 5.9. This
achieved different base length to base width aspect ratios. An FPS

sliding pericd of 2.25 sec. was used. The mass eccentricity was
maintained at 5% of the building length to represent an accidental
eccentricity. The results for horizontal aspect ratios of 1, 2, 4

and 6 are presented in Table 5.5 and Fig. 5.10. Results are given
for the FPS supported structure, and for an isolated structure which
is supported on elastic isolators for which the stiffness are not
proportional to the weight.

The results show that the torsion motions (Dt/D) increase with
increasing aspect ratio, but that torsion motions for the FPS
supported structure remain relatively small. This illustrates the
effects of weight proportional stiffness, as compared to non-weight
proportional 1linear elastic stiffness, when considering accidental
eccentricities for structures with different plan geometries. For
relatively long buildings with horizontal aspect ratios ranging from
2 to 6, the FPS reduced the torsion from accidental eccentricities by
a factor of 5 or more.
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It is observed from the results that for accidental mass
eccentricities of 5%, a long rectangular building will undergo
greater torsional motions than a square building. This applies to
non-i-olated buildings, buildings isolated with 1linear elastic
isclators, and FPS isoclated buildings. However, the FPS
substantially reduced the torsional motions which occurred because of
the required minimum 5% mass eccentricities.

5.10 Simple Equation For Estimating Torsion Displacements

A simple equation developer by Prof. James Kelly, of University
of cCalifornia, Berkeley, for ecstimating the torsion displacements

occurring in linear elastic isolation systems is shown below (Ref.
5.4):

1
Dt = G@D ———————  cecrrsavssrvsscss .o EQ. [1]
1 + berd2

where e is the eccentricity occurring between the center of mass and
center of stiffness, D 1is the lateral seismic displacement, b is the
minimum base dimension, and ¢ is the maximum base dimension o¢f the
building. This equation assumes a linear uniform stiffness under the
base of a rectangular building, and has been shown by Prof, Kelly te
give reasonably good results for 1linear elastic base 1isolation
systems. By inputting the cocde required minimum eccentricity of S%,
this equation can be useful for making estimates of accidental
torsion motions for purposes of isolation system design.

The experimental and analytical results have shown that teorsion
displacements occurring with the FPS are consistently smaller than
those occurring in linear elastic systens. By utilizing the
parametric results presented herein, a empirically based modification
to this equation will be suggested that conservatively estimates the
torsion displacements observed in the FPS supported test structures.

First, Equation 1 is used to compute an "effective eccentricity"
for the FPS system from the test results as follows;

e = —3“1[1 + b2/a?)

where Dt is input as the experimentally measured torsion motion. The
reffective eccentricity” is the equivalent eccentricity for a linear

elastic system which would result in the same torsion displacement Dt
as measured in the FPS test structures.
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The effective eccentricities, as calculated using the test results
reported in Tables 5.1 and 5.2, are reported in Table 5.8, The
results show that for geometric eccentricities up to 30%, the
computed effective eccentricities are less than 0.85%. Thus for
imposed torsion eccentricities substantially exceeding a 5% minimum
eccentricity, the resulting effective eccentricity was less than 1%.
This suggests that a very conservative estimate of accidental torsion
motions for 5% mass eccentricities occurring in FPS supported
structures can be computed from Equation 2 as shown below:

Dt = 126D —— eieerenceeranenae EQ. [2]
1 + b&/d2

To examine the suggestion that Equation 2 may be used as a
conservative estimate of torsion displacements for the FPS, the
analytical results obtained from the parameter study of different
base width to length aspect ratios are compared to the torsion
displacements calculated using Equation 2. From the comparison shown
in Table 5.9, it can be seen that Equation 2 overestimates the
torsion displacenents, as compared to those computed from three
dimensional dynamic analyses for a 5% mass eccentricity.

A comparison of Equation 1, Equatijon 2, and the experimental FPS
results is shown in Fig. 5.11. Although Equation 2 is a simply
derived empirical envelope, it appears to more adequately represent
the FPS torsion response than Equation 1. A theoretically derived
equation for estimating may be possible, and preferable to the simple
empirical correlation suggested herein. This will be considered
further during then Phase II research progran.

5.11 Conclusions

The properties of pendulum motion were effective in minimizing
the torsicnal response of asymmetrical structures. The weight
propertional stiffness of the FPS isolators directly compensated for
imposed mass eccentricities. Torsion motions resulting from
accidental or imposed eccentricities were found to be snmall. In
general, the torsional motions of FPS supported structures were

substantially smaller than those occurring in linear elastic systens
with equivalent eccentricities.

The parameters which increased the torsion motion response of FPS
supported structures were: differences in friction coefficients
between isalators: mass eccentricities; base length to width aspect
ratio; structure period; and isoclator pericd. In the worst cases of
imposed torsion eccentricities, the torsion motions were found to adad
5% to the lateral displacement motions, which could be ignored for
the design of the FPS isoclators for most applications.
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TABLE 5.1 COMPARISONS OF TORSIONAL RESPQNSE TO DIFFERENT ECCENTRICITY
ANALTYICAL RESULTS NFS EXPERIMENTAL RESULTS
CEOMETRIC
ECCENTRICITY EARTHQUAKE
e MEAN DISPL.JMAX. DISPL.| Dt/D  [MEAN DISPL|MAX. DisPL.{ Dt/D
(in.) (in.) (%) (in.) (in.) (X)
0% 2x EL CENTRO 5.68 5.68 0.0% 574 584 1.7%
6% 2x EL CENTRO 5.64 5.76 21% 5.60 5.72 2.1%
10% 2x EL CENTRO 5.62 5.76 2.5% 5.60 5.80 2.8%
0% 2x EL CENTRO 562 5.86 4.3% 5.58 5.88 3.5%

TABLE 5.2 COMPARISONS OF TORSIONAL RESPONSE TO

DIFFERENT EARTHQUAKES

ANALTYICAL RESULTS NFS EXPERIMENTAL RESULTS
GEOMETRIC

EARTHQUAKE ECCENTRICITY
e MEAN DISPL.|MAX. DISPL.| Dt/D  {MEAN DISPL|MAX. DISPL.| Dt/D
(in.) (in.) (%) (in.) {in.) {%)
1x PARKFIELD 6% 3.20 3.28 2.5% 154 364 2.8%
2x EL CENTRO 6% 5.64 5.76 2.1% 572 5.72 21%
1x PACOIMA DAM &% 7.30 7.36 0.8% 8.52 8.80 3.3%
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TABLE 5.3 STRUCTURE SIZE EFFECT ON THE TORSION RESPONSE

RESPONSE
STRUCTURE EARTHOUAKE
MEAN DISPL. MAX. DISPL. 0t/D
(in.) {in.) (%)
PROTOYPE Q*FSQ
STRUCTURE EXPERIMENTAL
26 x 36'(NFS) RESULTS 2x £L CENTRO 5.60 572 2.1%
FULL SCALE
NALYTICAL
15072}’57:’:; AT e 2x EL CENTRO 5.82 5.95 2.2%
TABLE 5.4 EFFECT OF STRUCTURE PERIOD
STRUCTURAL | STRUCTURAL TO ANALYTICAL RESULTS e = 5%
PERIOD ISOLATION EARTHQUAKE
(sac.) PERIOD RATIO MEAN DISPL. MAX. DISPL. Ot
(in.) (in.) (%)
0.18 0.08 2x EL CENTRO 5.50 553 0.5%
0.54 0.24 2x EL CENTRO 460 467 1.5%
0.94 0.42 2x EL CENTRO 5.05 534 5.7%
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TABLE 5.5 EFFECT OF SLIDING PERIOD ON TORSION RESFONSE

ANALYTICAL RESULTS e = 5%

SUDING PERIOD | EARTHQUAKE | STRUCTURAL TO
(sec.) el MEAlzlinI:‘))ISPL. MAx(.inl?l)SPL. D(tx/)l)
2.00 2x EL CENTRO 0.08 5.31 5.30 0.2%
2.25 2x EL CENTRO 0.08 5.50 553 0.5%
3.00 2x EL CENTRO 0.06 6.20 5.26 0.9%
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TABLE 5.6 EFFECT OF HORIZONTAL ASPECT RATIO ON TORSION RESPONSE

FPS WEIGHT PROPORTIONAL GENERIC NON—WEIGHT PROPORTIONAL
o...ES's%"oL’.'“mo STIFFNESS ISOLATION SYSTEM STIFFNESS ISOLATION SYSTEM
ANALYTICAL RESULTS ANALYTICAL RESULTS
ASPECT RATIO | EARTHQUAKE
MEAN DISPLJMAX, DISPL.| Dt/D  |MEAN DISPL|MAX. DISPL.| Ot/D
(in.) (in.) (%) (in.) (in.) (%)
100199 | 2xeLcenmo | sae 5.54 11% 7.73 8.00 3.3%
100" x 200" | ek cenmo | ss0 5.53 0.5% 7.74 2.46 9.3%
100 x 400" | 4 6L centro 5.50 5.64 2.5% 7.74 9.06 17.0%
I
00 %62% | aceccenmo | 548 5.74 4% 7.74 9.28 20.0%
PROPERTIES OF FPS ISOLATED STRUCTURE PROPERTES OF THE GENERIC ISOLATED STRUCTURE
SLIDING PERIOD = 2.25 sec. POST YIELD PERIOD = 2.25 sec.
THRESHOLD FORCE = 0.10W THRESHOLD FORCE = 0.05W
STRUCTURAL PERIOD = Q.18 sec. STRUCTURAL PERIOD = 0.18 sec.

GEOMETRIC ECCENTRICITY = 5% GEOMETRIC ECCENTRICITY = 5%
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TABLE 5.7 TORSION RESPONSE DUE TO VARIATION OF COEFTICIENT OF FRICTION

ANALYTICAL RESULTS

VARIATION IN GEOMETRIC
COEFFICIENT OF EARTHQUAKE ECCENTRICITY

FRICTION e MEAN DISPL. MAX. DISPL. bt/D

(%) (in.) {in.) (%)

ox 2x EL CENTRO 0% 5.68 5.68 0.0%

5% 2x EL CENTRO 0% 5.66 5.73 1.2%

10% 2x EL CENTRO 0% 5.62 5.77 2.7%

20% 2x EL CENTRO 0% 5.58 5.86 5.0%
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TABLE 5.8 COMPUTING THE EFFECTIVE ECCENTRICITY FROM TORSION EQUATIAN [1]

NFS EXPERIMENTAL RESULTS
GEOMETRIC EFFECTIVE
ECCENTRICITY EARTHQUAKE ECCENTRICITY
el D Dt b o e
{in.) {in.) (Ft) (Ft)
0% 2x EL CENTRO 574 014 24 36 0.59%
0% Ix PACOIMA DAM 8.00 0.04 24 36’ 0.12%
6% 1x PARKFIELD 354 010 o4 36’ 0.68%
6% 2x EL CENTRO 560 012 24 36’ 0.52%
6% 1x PACUIMA DAM 8.52 0.28 24 3¢’ 0.79%
10% 2x EL CENTRO 564 016 24 36’ 0.68%
10% 1x PACOIMA DAM 8.56 0.24 24 36’ 0677
30 2x EL CENTRO 568 0.20 24 36’ 0.95%
30% 1x PACOIMA DAM 8.56 0.28 24 36° 0.79%

EQUATION (1)

Dt = 6eD

1

1 + prge

R
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TABLE 59 COMPARING ANALYTICAL RESULTS WITH EQUATION (2]

ANALYTICAL RESULTS e = 5%
ASPECT RATIO 2 x EL CENTRO EARTHQUAKE Dt/D Dt/D FROM
. 0t o ] _ EQUATION ( J
Gn,) {in.) (Ft) (Ft) (¢4 (¥4]
1+1 5.48 0.06 100" 100 117 3.3x%
1.2 5.50 0.03 100’ 200’ 0.5% 4.8%
1.4 5.50 0.04 100° 400° 2.5% 5.6%
116 5.48 0.26 100’ 600° 47 5.6%
EQUATION [2)
1
Dt = 1.2eD —1——
1 + bérd2
Dt _ 1
T 1.2e
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6.1 Introduction

The design of the FPS isolators includes a steel cylinder which
encloses the concave surface and slider components (Fig. 6.1).
This enclosing cylinder protects the internal components from
environmental contamination (dirt, corrosion, fire, etc.). It alsoc
serves as a displacement restraint which limits the maximum lateral
displacement of the slider to that permitted by the cylinder. The
cylinder also provides a redundant shear strength and vertical lcad
carrying capacity.

Selecting the size of the cylinder defines the lateral
displacement travel capacity of the FPS isolators. The size is
selected by determining the travel regquired to accommodate the
strongest design earthguake. In general, the displacement
restraint would never be utilized, provided that the selected
design earthguake is stronger than the strongest earthquake which
occurs during the life of the building. However, in the event an
earthquake exceeds the design earthgquake, the displacement
restraint would be engaged if the displacement demand exceeds the
displacement capacity.

To examine possible effects of engaging the displacement
restraints, analytical studies were performed as described below.
Experimental data on engagement of the displacement restraints was
evaluated and the data was used to guide the development of an
analytical model which could model the effects of the displacement
restraint. Analyses of the test structures were performed and
these results were compared to experimental results in order to
confirm the adequacy of the analytical model. With this analytical
model confirmed, analyses which included engagement of the
displacement restraints were performed for the example Operations
Building which was presented in cChapter 2. The results are
reported below.

6.2 Devaeloping the Displacement Restraint Model

During the shake table tests reported in Ref. 1, some
earthquake loading cases were intentionally run at strengths which
exceeded the travel capacity of the FPS isolators for purposes of
examining the effects of engaging the displacement restraints.
Data from the resulting engagement of the displacement restraint
was used to guide the development of an analytical model.

In order to include the displacement restraint effects in the
FPS properties, modifications were made to the FPS element
subroutines in the dynanmic analysis program DYNIN. The analytical
model was developed assuming that the FPS isolator are located at
the top or bottom of a column. This avoided numerical problems
which would otherwise occur when trying to model elements with a
stiffness much higher than other structural elements in the model.

The normally bi~linear force displacement relationship of an FPS
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isolator on a column was modified to a tri-linear hystarstic loop
as shown in Fig. 6.2. The tri-linear hysteretic loecp has an
initial stiffness kX0 which models the elastic sgtiffness of the
column below the isolator. The sliding stiffness Kfps represents
the combined flexibility of the isolator and the column below.
when the =sliding travel reaches the prescribed displacement limit,
the displacement restraint will engage, resulting in an engagement
stiffness. The engagement stiffness represents the corbined
flexibility of the displacement restraint and the column below. It
is input inte the analysis as a fraction of the initial stiffness
@ Ko. From examination of the experimental results (Figs. 6.3 to
6.4) an engagement stiffness of 50t of the initial stiffness
appeared to provide a reasonable representation of the hysteretic
loops.

With this modeling approach, loading of the displacement
restraint results in plastic deformations which represent the
permanent deformations of the enclosing cylinder, as well as other
energy absorbing phenomena which occur during the engagement of the
displacement restraint. Unloading occurs at the initial elastic
stiffness of the column below. The energy absorption of the
plastic deformations is an important characteristic of the
displacement restraint model. This enabled the model to dissipate
enerqy and achieve a dynamic response consistent with the
experimentally cbserved responses.

Nonlinear time history analyses of the test structures at
different loadings were used to verify the performance of the
displacement restraint model. Bi-linear elastic plastic models of
the test structures were used in order to permit yielding of the
upper structure. The mass, stiffness, and plastic strength of the
test structure frames, as measured from the test results, were
used. The earthguake 1loading recorded from the shake table tests
was used as the input loading. In Figs. 6.3 to 6.5 are the
comparisons of the experimental and analytical hysteretic responses
for different test structures and different degrees of engagement
of the displacement restraint. Responses to the Pacoima Dam and El
Centro earthquake records are examined. The results show a good
correlation between the experimental and analytical results.

If the displacement restraint of the FPS is assumed to be
perfectly rigid, an engagement stiffness egual to 100§ of the
initial stiffness would result. This would result in a purely
elastic response of the FPS model upon engagement of the
displacement restraint. Analyses using an engagement stiffness of
100% of the initial stiffness were performed, and the results
compared to the experimental results. These analytical results did
not compare well with experimental observations. Displacement
restraint forces were substantially over estimated, and energy
absorption substantially under estimated. The model would rebound,
resulting in engagements of the displacement restraint at the other
end of the travel which was not consistent with experimentally

observed results, Thus, the plastic displacement restraint model
was preferable.
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Having confirmed the analytical model using the test
structures, the model was then used to estimate the effects that
engaging the displace restraint would have for an actual building.

6.1 Displacement Restraint Effects For The Example Building

To examine effects that engaging the displacement restraint
would have on a building, the cost equivalent isclated design of
the Operations Building described in Chapter 2 was considered as an
example. The design earthguake used for the FPS isoglator design
was the EL Centro loading scaled to a peak ground acceleration of
0.7 g (2 X El Centro). The dynamic analyses predicted an isolator
travel displacement of 4.7 inches for this event, In the Chapter 2
design, the travel displacement of the FPS isolators was
conservatively selected to be 6.5 inches to allow for a margin of
safety against reaching the displacement restraint. Since the
design earthquake was already a strong 0.7g record, it was
considered preferable to examine cases of smaller displacement
capacity rather that stronger qground motions. Analyses results are
presented below for design cases in which the displacement travel
capacity is less than that required to accommodate the design
earthquake.

A revised analytical model of the building was used for these
analyses that included modeling of the displacement restraint, and
included bi-linear elastic plastic modeling of the building
structure that would permit yielding. The model of the structure
is shown in Fig. 6.6. The model consisted of a 3 nodal mass
representing the second floer, third floor, and roof, The FP~ was
placed in the first level. The stiffness and strength of each
level were derived from the section properties of the structure
(Appendix A - Section §5). The bi-linear elastic plastic yield was
set egual to the plastic strength, which was computed using
ultimate strength plastic analysis techniques.

For numerical analysis purpose, the stiffness of the first
level c<olumns was distributed equally between the isolator model
and the model of the first level column. This permitted yielding
in the first story columns to be measured separately from the
isolator response. The initial flexibility of the isolater model
avoided numerical difficulties. The combined initial stiffness was
set equal to that of the first story column. The FPS isolator had
a sliding period of 2.25 sec. and a coefficient of friction of 10%.

The analyses were performed for the 2 X El1 Centro, 1940 NS
loading, both with and without the FPS. For the case with the FPS,
the structure was analyzed for the design displacement capacity,
then for incremental reductions in the travel displacement capacity
to get different levels of engagement. The ductility demand,
energy demand, base shear and story drift effects on the isolated
and non~isolated models were compared.
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The displacement ratio, is defined herein, as the ratio of the
displacement travei capacity required for there to be no engagement
divided by the actual displacement capacity provided. At
displacement ratiog less than 1.0 there is no engagement, The
displacement ratio for the initial design proposed in Chapter 2 was
0.72. At a displacement ratio greater than one, the displacement
restraint will be engaged. The greater the displacement ratio, the
greater the effects of engagement. However, the plastic strength
of the first story columns limits the base shear loads that can be
transmitted to the FPS and structure above. This upper limit on
base shear is the same base shear which occurs for the non-isolated
case.

In Fig. 6.7 are the base shear results for different
displacement ratios. Without engagement the base shear remained
constant. once engagement occurred the base ghear began to
increase until it reached the base shear level of the non-isolated
structure.

In Fig. 6.8 the results for maximum story ductility are plotted
versug the displacement ratio. The results show that the
ductility demands with the FPS are less than one third the
ductility demands without the FPS, for displacement ratios up to
1.B4. A displacement ratio of 1.84 js a displacement travel
capacity of 2.5 inches, as compared to 6,5 inches which was allowed
for in the initial design. Essentially the results ghow that when
the displacement demand exceeded the displacement capacity by 84%,
the isolators reduced ductility demand on the structure by two
thirds. Thus, even when the displacement capacity provided is 1less
than the displacemant capacity required to fully accommodate the

earthguake motions, the FPS is still effective in reducing
ductility demand.

Another important consideration when considering damage to the
structure, is the number of inelastic yield excursions which
occur, For the cases with the FPS, fewer inelastic excursions
occurred, and the magnitudes of the excursions were reduced. Total
inelastic energy dissipated by the structural frame is a measure of
damage to the structure which measures both the magnitude and
number of yield excursions.

Fig. 6.9 shows the inelastic energy dissipated by the
structural frame versus the displacement ratio. For the cases with
the FPS, the results show that most of the energy is absorbed by
the FPS connections and only a small portion of the energy is
absorbed by the structure. At displacement ratios less than 1.0,
the FPS absorbed 1008 of the inelastic energy. At a displacement
ratio of 1.84, the FPS isolators absorbed 95% of the inelastic

energy. At a displacement ratio of 2.0, the FPS isolators absorbed
92% of the inelastic energy.

Thus, when the displacement dermand exceeded the displacement
capacity by i00%, the FPS is still absorbed more than 3%0% of the
inelastic energy. This high effectiveness is a result of the fact
that many fewer inelastic excursions occur. The response is
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similar to that which would occur in the non-isolated building
during a reduced strength earthquake of much shorter duration.

A measure of damage to the architectural and non-structural
components of a building is the maximum story drift divided by the
UBC allowable story drift. These normalized story drifts for the
first, second and third stories, are plotted in Figs. 6.10 to 6.12,
respectively.

Engagement of the displacement restraint was observed to
increase the drift of the first story (see Fig. 6.10). This is
consistent with the response of the non-isclated structure, which
had the largest ductility demands and drifts occurring in the first
story. When the displacement ratio was less than 1.0, the drifts
in the first story were reduced by 85%. When the displacement
ratio was 1.5, the drifts in the first story were reduced by 70%.
When the displacement ratio was 2.0, the drifts in the first story
were reduced by 6&0%. Thus, even when the isoclator travel demand
exceeded the travel capacity by 100%, drifts in the first story
were reduced by 60%.

When the displacement ratio was less than 1.0, the FPS reduced
the second story drift by 60%, and the third story drift by 48% (
Figs. 6.11 and 6.12). Engaging the displacement restraint had
little effect on the second and tuird story drifts, Independent of
displacement restraint effects, it can be observed from Figs. 6.10
to 6.12, that the FPS was less effective at reducing drift in the
second and third stories, as compared to the first story. This
appears to be related to higher mode effects, which in turn are
affected by the friction coefficient. A 10% friction coefficient
was used for the isolators in this exanple. It is believed that a
lower friction coefficient would reduce higher mode effects. A
study of higher mode effects for FPS supported structures is
required, and should include investigations of how the friction
coefficient affects these responses. These studies are planned for
the Phase II research progranm.

6.4 Conclusions

The engagement of the displacement restraints caused localized
short duration increases in the first story shears and drifts.
However, the isclation system retained its overall effectiveness in
improving earthquake performance. When displacement loading demand
exceeded displacement capacity by 50%, the isolation systen
retained B85% of its effectiveness as an isolation system in
reducing inelastic ductility demand, 95% of its effectiveness in
reducing structural inelastic energy dissipation, and 80% of its
effectiveness in reducing first story drift. Thus, an earthquake
event which exceeds the FPS displacement capacity reduces the
effectiveness of the FPS, but the response is still significantly
better than the response of the same structure without the FPS.
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The displacement restraints appear to break up the modes of
vibration, preventing resonant dynamic responses from building up
in any one set of modes. Initially the building responds at the
non-isolated modes of vibration, then the modes change to the
sliding modes for most of the earthguake duration, but with brief
interjections of the displacement restraint modes. The
displacement restraint modes are unique in that they occur for
loading in only one direction, and upon reversal the building
reverts to the sliding modes. Therefore, the displacement
restraint modes are effective for only one-half a cycle which gives
no opportunity for resonance buildup in these modes. Furthernovie,
brief interjection of the displacement restraint modes appears to
break up the sliding modes and prevent a build up of displacements
in these modes. It appears that a system that avoids the build up
of resonant vibrations in any one set of modes could be an
advantage in circumstances of unhcertain or varied ground motion

characteristics. Further investigations of this behavior appears
warranted. Further studies are planned for the Phase II research
program.

The performance of the isclation system was best when the full
displacement demand was accommodated, and no engagements occurred.
However, because the FPS isolators retained overall effectiveness
when engagements of the displacement restraint did occur, large
factors of safety in displacement travel capacity may not be
required.

These observations and conclusions are based on evaluations of
the noment frame responses of the example building and test
structures. A very limited number of earthquake loading cases were
examined. Tne responses for other structural systems such as
braced frames, shear walls, or bearing walls, or other earthquake
loadings could be different. However, the cobserved respcnses are
encouraging. Further examination of the displacement restraint
effects for other structural systems and earthquake loadings is
heeded. These are planned for the Phase II research program.
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7.1 Introduction

It was shown in Chapter 2 that FPS connections can be used to
achieve structures that are cost equivalent to conventional
buildings designed according to current code provisions. In
addition, damage resulting in these FPS supported structures was
far less than that expected in non-isolated structures. This study
of the cost equivalent structure, while demonstrating the technical
and economic practicability of the FPS concept did not, however,
identify the interrelationships that exist between various design
and response parameters, hor did it investigate appropriate design
methods for FPS supported structures. The results presented ir
this Chapter provide some significant insight into these broader
issues. A preliminary parameter study on the response of multiple
degree of freedom inelastic systems was undertaken. Also, general
information on the effect of structural yielding on the basic
behavior of FPS supported systems is cbtained.

The potential scope of this investigation is extremely large,
considering the various types of structures, FPS isoclators and
ground motions that should be considered. Given the preliminary
nature of this report, a more applied and possibly more instructive
approach has been taken. The Operations Building introduced in
Chapter 2 was studied in considerable detail. In this cChapter,
nonlinear dynamic analyses are presented for a variety of
modifications to this structure to help assess the sensitivity of
response to variations in basic design parameters, such as the
stiffness (period) and strength of the structure, and FP5 isolator
characteristics. In addition, sensitivity of response to
increasing intensities of ground shaking was assessed. Special
stulies were also performed to evaluate the ability of the designer
to predictably alter seismic performance by selective alteration of
FPS 1isolator and structural design parameters. Results are also
presented of systematic investigations related to the effect of the
strength (and consequent yielding) in the supported portion of the
building on overall structural and FPS isolator behavior. These
studies provide insight intc the factors controlling the response
of multiple degree of freedom systems and the identified trends
suggest means for achieving even more cost effective structural
designs. By considering a large range of periods and strengths,
the studies pravide infermation on the response of a wide variety
of buildings.

In all cases presented, results for FPS supported structures
are compared with similar structures without FPS isolators. This
permits a clear identification of the influence of the FPS
isolators on sejismic performance. To simplify the analyses and the
interpretation of the results, a simplified lumped mass
idealization was adopted for the structures, as was done in
Chapters 2 & 6. This should, nonetheless, provide very realistic
and reliable information regarding the comparative overall response
characteristics of these structures.

After describing the basic structural models considered in this
Chapter, the analysis techniques and assumpticns are examined.
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Results for the basic cases are then presented individually and as
functions of fundamental parameters, such as structural period,
ultimate strength, ground motion intensity, etc. Implicationas for
design are then offered based on trends observed in the results.

7.2 Analytical Models

Because of the preliminary nature of these feasikility studies
and the need for computational efficiency in performing nonlinear
parametric studies, the structures considered in this Chapter have
been idealized as having a single lateral degree of freedom per
floor. Thus, egquivalent interstory shear, relative displacement
relationships, are used to characterize the mechanical properties
of the structure. This permits the overall aspects of the
nonlinear response to be identified without undue attention to
analysis details or design refinements.

A specially modified version of the computer program DYNIN
(Ref. 7.1), capable of analyzing FPS supported structures, was used
in the parametric and case studies presented in this Chapter.
Modifications consist of the addition of various input and output
features to facilitate this study, and the addition of an element
to represent the rate dependent and displacement restraint effects
(see Chapter 6) of FPS connections. The DYNIN program idealizes a
structure as having a single lateral degree of freedom for each
floor leval. Lateral force-displacement relationships are
specified for each story. The program has a built-in library of
standard story shear-drift hysteretic relations, such as bilinear,
degrading stiffness, Minegatto-Pinto and other such models, that
can be used to represent various types of structures. Masses are
assumed in the program to be lumped at the floor levels. Viscous
damping ratios may be specified independently for each of the modes
of the initially elastic structure. Gravity effects and geometric
nonlinearities are disregarded in the program. The base of the
structure is assumed to be fixed to the ground. A single
horizontal component of excitation may be considered. Options
exist for computing a variety of structural performance parameters.

The DYNIN program is efficiently written in order to minimize
the computational effort needed for parametric studies such as
those considered herein. The dynamic equations of motion are
solved using the central difference method. Time steps are

automatically selected by the program to minimize computational
errors.

In these studies, the sgtructure is jidealized using
elasto-perfectly plastic mechanical models. For the basic case
congidered herein, the latera. stiffnesses employed were the same
as those used for the cost equivalent isolated design of the
Operations Building described in Chapter 2. That is, the lateral
elastic stiffnesses were 1635 k/in, 1477 k/in and 877 k/in, for the
first, second and third (roof) stories, respectively. Information
on how these values were obtained can be found in Chapter 2.
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The hysteretic characteristice cof the story containing the FPS
connections was idealized in one of two ways. First, if the
columns attached to the connections remained elastic, a single
egquivalent lateral spring was employed. As was done in Chapter 2
for the elastic building model supported on FPS connections, this
equivalent spring was bilinear hysteretic in character,
representing in serial fashion the cumulative properties of the
rigid-strain hardening FPS connections and the elastic columns. In
the second instance, as was done in Chapter 6, where the supporting
columns yield, the story was subdivided into two sub-stories, one
representing the FPS connection and the other the nonlinear
column. A small mass was associated with the connection between
the FPS isolator and the ground story column. None of the cases
studied herein developed sufficient lateral displacement in the FPS
isolators to engage the displacement restraints.

The masses used to represent the structure are the same as
those derived in Chapter 2 for the Operations Building. These were
5.42 k=-sec2/in, 5.42 k-sec2/in and 5.2 k-sec2/in for the second,
third and roof levels, respectively. Viscous damping was
~onsidered in all of the analyses to egual 5% of critical. Damping

1s assumed to be constant for all vibration modes of the initially
ciastic models.

Various response quantities are computed by the DYNIN program.
In this chapter emphasis will be placed on maximum values of story
displacements relative to the ground, interstory structural drifts,
story structural ductilities, shears and energy dissipation.
Structural ductility is defined as the maximum story drift divided
by the corresponding yield displacement for that story. Structural
drifts in the first story contain only contributions from the
columns, so that ductility values at this lewvel are not influenced
by FPS connection deformations. Similarly, displacements in the
FPS isolator can be estimated as the difference between the total
relative displacement at the top of the first story and the first
story structural drift. In some instances envelcpes of maximum
values of response gqualities for all levels are plotted against
various parameters,

7.3 Ground Motions Considered

It is not, in general, possible to normalize completely the
equations of motion for a nultiple degree of freedom nonlinear
system. Thus, information on the sensitivity of the seismic
performance of the the buildings was obtained by scaling ground
motions to pre-selected levels. This was done as described in
Chapter 2 to obtain ground motion excitations roughly consistent
with the dynamic characteristics corresponding to Richter magnitude
S, 6, 7 and 8 events.

For these studies only the north-south component of the 1940 El
Centro earthquake record was used. As done in Chapter 2, the
record was scaled to make it representative of the various
intensgities of ground motion. The scaling relations used are
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summarized in the followinyg table.

Target Magnitude Peak Acceleration Time Scale Facter

5 0.15g 0.5
6 0.35g 1.0
7 0.70g 1.0
8 0.88g 1.0

Before any definitive design guidelines and can be validated,
additional ground motions must be considered. The current study
will, however, still give a clear indication of the effect of
severity of excitation on system performance.

7.4 Structures Investigated

The basic structure considered is the cost equivalent FPS
supported Cperations Building shown in Fig. 7.1. FPS isolators
with a period of 2.25 seconds, a friction coefficient of 10% and a
lateral sliding displacement limit of 6.5 inches were used. The
design of this building is examined in detail in Chapter 2. The
building was designed in accordance with the 1985 UBC assuming the
structural period equals the period of the FPS connection (2.2%
seconds), the system performance factor K equals 0.67, a soil
coefficient S of 1.5 was assumed, and an importance factoeor of 1.5
was used, reflecting the importance of the structure. This results
in a working stress base shear coefficient of 0.067. Following a
detailed design of structural members, elastic and plastic analyses
were performed on the structure to determine the lateral
inter~-story stiffnesses and strengths. These values are summarized
in the following table.

Level Lateral stiffness Plastic Yield

(kip/in) Strength (kips)
;aof (3)= ______ ;;; T 1252 T
2 1477 2116
1 1635 1920
(618) *

=T = === T ——

* Note that the shea: in the first story, when the FPS connections
initiate sliding, equals €18 kips for a friction coefficier: of
0.10. '
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The distribution of story shear capacity is also shown in Fig.
7.2, This structure has an ultimate base shear coefficient of
0.31. The elastic pericd of the structure (with the FPS
connections locked up) was computed to be 0.86 seconds.

To assess the effects of various design parameters on building
performance, the pericd and strength of the above design was
changed systematically. The resulting structures are shown in
Table 7.1. The cost equivalent design of the Operations Building
is Case V, To assess the effect of building strength on response,
stronger and weaker designs were formulated. In the first
instance, the strength was increased to that of the original
non-isolated design of the Operations Building, with a calculated
ultimate base shear capacity of 0.45. Thus, the non-isolated
result for Case VI, provides the response of the original

non-isclated design of the Operations Building. The 1isolated
results for Case V]I represent the response of the full strength
isolated design. The strength of the basic building was also

reduced. Here, the story shears were reduced uniformly tc about 25%
of their original wvalues so that the ultimate base shear was
lowered to 0.08. This is representative of an existing building
with low lateral lcad capacity. In making these strength
alterations to the models, lateral stiffnesses were held constant.

similarly, different periods were considered for the
structure. The period of the basic structure was elongated to 1.5
seconds by decreasing the story lateral stiffnesses
propertionately. This represents a very flexible structure or a
taller structure being approximated by a simpler four deqree of
freedom model. The period of the basic structure was also reduced
to 0.25 seconds. This represents a stiffer and/or shorter
structure. In making these periocd alterations, the lateral story
load capacities were held constant.

By combining the three different periods and three different
lateral ultimate strengths, nine different hypothetical buildings
result with a wide range of strengths and stiffnesses (see Table
7.1). In view of the preliminary nature of these investigations,
it is believed that this simplified method of formulating the
hypothetical building cases is acceptable. More refined design
cases, in which actual members sizes are determined, would be more
realistic and would result in different distributions of strength
or s=tiffness with height, However, these secondary design changes
would make interpretation of the results more difficult. It is
believed that the hypothetical designs considered herein are
consistent with design practice.

The characteristics of the FPS isolators are altered for each
of the hypothetical designs, Generally, the period of the FPS
connection was selected based on the period of the structure, and
the friction coefficient was selected based on the ultimate
strength of the structure. While reasonable values were selected,
no attempt was made to optimize the isclation system design. FPS
connection characteristics used are presented in Table 7.1. The
effect of selecting other FPS connection parameters on seismic
performance will be explored in subsequent sections.
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For comparison purposes, a non-isolated structure is associated
with each of the nine FPS supported structures. To have a
consistent basis for comparison, the stiffness and strength of the
non-isolated structures are identical to those for each of the FPS
supported systems. The only difference is that the FPS connection
is absent for the non-isolated structure.

Several other individual designs in addition to the 9
parametric variations will also be evaluated in subsequent
sections.

7.5 Basic Response Results

Thae nine pairs of isolated and non-isolated buildings were
analyzed using the DYNIN program for each of the four levels of
earthquake ground motions. A variety of response parameters were
computed. Primary focus was on total displacement of each floor
relative to the ground, interstory structural displacements,
inelastic energy dissipation, and structural displacement ductility
factors. Results are presented in the plots shown in Figs. 7.3
through 7.11. The original basic case adopted from the cost
equivalent Operations Building is refered to as Case V. This case

will be presented first and other eight cases will be compared to
this basic case.

Response of Case V Structure. -- The response envelopes for the
bagic structure are shown in Fig. 7.3. To simplify the plots,
information for the ground level has been disregarded. Looking at
information on the total displacement of a floor relative to the
ground, one can see that the displacements of the isclated and
non-isolated structures are identical for the case of the El Centro
record scaled to 15%g. This is because the response to this
earthquake is insufficient to cause the FPS connections to slide,
As the intensity of the ground motion increases, sliding takes
place and the curves for the isolated and non-isolated structures
separate. In general, the total lateral displacement of the FPS
supported structure, relative to the ground, is somewhat 1less than
for the non-isolated structure. However, the difference, while
significant, is not large. Although the longer perioed of the
isolated structure tends to cause larger displacements, the
hysteretic damping of the FPS connections reduces the
displacements, Thus, the net total displacements which occur are
similar to those of the non-isolated structure. This differs from
the response of buildings on elastic seismic isolators which would
have larger displacements than those which occur in FPS isolated
structures. Another similarity of the FPS isolated structure
displacement response to that of the non-isolated structure is the
upper portions of both structures tend to behave as stiff
structures supported on a soft first story. For example, the
displacement at the roof for both structures when the structures
are subjected to the El Cantro record scaled to 0.7g averages 5.8
inches, whereas the displacement at the top of the first story is
78% of this value. However, in the case of the non-isclated
structure, all of this displacement occurs in the structural
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members while that in the isolated structure develops largely in
the FP5 connections.

This difference in response can be more easily seen in the
curves for structural interstory drifts, also shown in Fig. 7.3,
The differences are particularly apparent in the bottom level where
the structural drifts for the FPS supported structure are only 11%
of those developed in the non-isolated structure when considering
the 88%g peak acceleration record. Differences in drifts developed
by the two structures are also significant in the upper levels,
where for instance the drifts in the second and third stories of
the FPS supported structure are only 38% and 523%, respectively, of
the those developed in the non-isolated structure.

Similar trends can be seen in Fig. 7.3 for the maximum
structural ductility factors. Here one can note that the FPS
supported structure remains elastic for all of the earthgquake
records considered, including E1 Centro scaled to 88%g. The
non-isolated structure requires displacement ductil: ties on the
order of 1.5 in the upper two levels and 4.1 at the ground level
for the 70%g excitation.

It is clear from the above discussions that the non-isolated
building performs reascnably, and given modern construction and
inspection practices would be expected to demonstrate reasonable
structural performance for the earthquake ground motions considered
here. The building did, however, behave as a soft story structure
with concentrations of displacement and ductilities in the lower
story. This would@d be expected to cause significant non-structural
damage. The isolated structure behaved better by all measures
considered. Significantly, the structure remained well within the
elastic range of response during all of the excitaticns
considered. While significant sliding of the FPS connection
developed, this was at most 4.9 inches, significantly less than the
6.5 inch limit,

Other example analyses are presented later related to the Case
V basic structure. However, before doing this, results for the
other cases in Table 7.1 will be reviewed.

Response o0f Other Structures. ~-- The effect of pericd and
strength of the structure can be assessed by reviewing Figs. 7.3
through 7.11 in a manner similar to that undertaken above. This
will indicate the same general tendencies as observed for Case V.,
That is, the structure tends to act as a soft story with the
drifts, ductilities and energy dissipation demands concentrated in
the lower level. Again, in the case of the non-isolated
structures, all of the displacements occur in the structural
members while those in the isolated structures develop largely in
the FPS connections.

Effect of Ultimate Strength of Structure. -- To clarify the
influence of various parameters on the overall response, a new set
of plots was prepared,. In these plots, the maximum response
quantity anywhere in the structures is plotted against the design
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variable of interest. For example, the maximum ductility at any
level is plotted against the strength of the structure as well as
against peak ground acceleration (for the Scaled El Centro record)
in Figs. 7.12 to 7.14. Similarly, maximum ductility at any level is
plotted against structural period (stiffness) in Fig. 7.15. While
these plots do not indicate the distribution of response quantities
over height, they are more useful in determining the sensitivity of
response to various parameters.

These plots indicate that ductility Ffor isolated and
non-isolated structures alike tends to decrease with increasing
ultimate base shear coefficient and increase with increasing peak
ground acceleration. It clear from these figures that the FPS
supported structure requires considerably less ductility that the
comparable non-isolated structure. For example, considering the
structures with a periocd of 0.25 seconds, the non-isolated
structure would have tc be nearly 4 times stronger that the FPS
supported structure to limit displacement ductilities in the
structure to 5. It is also significant to note that over a wide
range of strengths it 1is possikle to achieve FPS supported
structures that remain entirely elastic (with the exception of the

isclator). However, as the structures become weaker, especially
for Case I with a periocd of 0.25 seconds, large ductility demands
occur in the columns in the FPS supported structure. Methods for

reducing the ductility requirements for case I will be examined in
Section 7.6.

An important indication of nonstructural damage is interstory
drift. Again it is clear that the FPS system provides much superior
protection from this form of damage in comparison to conventional
non-isolated structures. Significantly reduced drifts occurred in
the stiff and flexible isolated structures.

Required energy dissipation demands in structural elements are
substantially less in the FPS supported structures, Total energy
dissipation, including the energy dissipation by the FPS
connections, is roughly the same for isolated and non-isolated
buildings.

Effect of Structural Period. -- As the structures in Table 7.1
are stiffened to obtain the desired natural period, the response
varies as well. This is shown in Fig. 7.15 for the structures with
a ultimate base shear coefficient of 0.08 and subjected to the El
Centro record scaled to 70%q. This weak structure developed
greater inelastic deformations than the other structures and is,
thus, interesting to plot. This figure shows that the maximun
total displacement increases slowly with period. The displacements
for the FPS supported systems are consistently smaller than those
developed by the ncn-isolated structure. The same basic trend is
observed for the interstory drifts except for the fact that the
differences between the values increase with increasing period.
This is due to the fact that the non-isclated building is acting as
a soft story structure concentrating nearly deformations in the
first story. The FPS supported structure is able to distribute the
yielding to other levels due to its deformation hardening
characteristics.
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The ductility demands developed by the structures are inversely
proportional to period. The stiffer structures have yield
displacements that change with the square of natural period. The
FPS supported structure develops ductility similar to a structure
with a significantly longer period.

Effect of Ground Motion Intensity. -- The influence of peak
ground motion is shown in Fig. 7.12 to 7.14. Thise indicates that
ductilities increase monotonically with increasing peak ground
acceleration. Greater acceleraticn is needed to induce ductility
into structural elements in FPS supported structures than in
non-isolated structures. The figures show that the rate of
increase of ductility with peak ground acceleration for structures
with periods of 0.25 and 0.88 seconds is about the same and lower,
respectively, for FPS supported structures than for non-isolated
structures. For the case of a structure with a period of 1.5
seconds, the rate is initially lower then it becomes higher.

Observations. -- While the details of the above responses are
likely to change with variations in modeling assumptions and for
different ground motions, it is believed that the basic
characteristics of the response will remain the same. In all cases
examined, the FPS supported structure performed better than the
same structure without the FPS. Additional analyses are needed to
assess the effects of different ground motions and modeling
idealizations.

7.6 Influence of FPS Connection Design Parameters on Response

In several cases involving weak structures, large inelastic
deformations were required in the FPS supported structures. This
was most apparent for the Case I structure where first story column
ductilities were nearly 80 for the El Centro record scaled to 0.7q.
While this is censiderably better that the value of 130 required
for the non-isolated structure, it is far in excess o©of the value
that can be dependably achieved by most conventional structural
details. Case I is thus a particularly useful example to review
because one might interpret the results to indicate that FPS
connections were not practicable for such structures. This is not
the case as will be shown below.

One of the features of the FPS connections is that they
automatically impart to the structure deformation hardening as the
structure slides along the spherical bearing surfi:e. This
provides beneficial effects related to centering of the structure
and helps contrel the magnitude of the lateral siding
displacements. However, it also increases the load that can be
transferred across the FPS connection. In cases such as these,
where the strength of the supporting column exceeds that needed to
maintain sliding in the FPS isolator, column yielding is induced by
this deformation hardening phenomenon. However, if the period of
the connecticn is increased, the rate of deformation hardening
decreases. Since the maximum sliding displacements increase by
only small amounts with increase in the period of the FPS
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connection, increasing the FPS period has a dependable tendency to
reduce the maximum forces that can be transferred by the FPS
connection.

To explore this possibility, three modifications were
considered for the Case I structure subjected to the hypothetical

magnitude 7 event (El1 Centro scaled to 70%gqg). In the first of
these, the period of the isolator was left unchanged, but the base
column was assumed to remain elastic, In this manner, it was

possible to determine the degree of strengthening needed to obtain
elastic behavior in the base column. In this case the column had
to be strengthened by 92%, a large increase. In the second case,
the period of the isolator was increased to 3 seconds. In this
case, it would only be nhecessary to strengthen the column by 1.1% to
maintain elastic behavior. This is a small amount and well within
reason. If, in the third case, the period of the isclator was
increased to 4 seconds, the column would remain elastic without any
change in the strength of the column (in fact, the column could be
reduced in strength by 9%).

The results of these cases subjected to the El Centro
excitation scaled to 70% g are shown in Fig. 7.16. It is clear
that the period of the FPS isclator and the elastic behavior of the
supporting columns has only limited influence on the overall
lateral displacement of the structure. However, the structural
drifts decrease with increasing FPS isolator period, especially at
the bottom level. Since the columns were strengthened, ductility
demands at the base were unity. Ductility at the upper levels was
kept to a minimum (a maximum displacement ductility of 5.7 was
observed for the case of the FPS isolator period Tc equal to 4
seconds). It should be kept in mind that all of these values are
substantially less than that obtained for a comparable non-icolated
structurae. It would appear that the relatively small increase in
base column strength and lateral displacements is a reasonable
tradeocff against the significant reduction in displacement
ductility demands and interstory drifts.

Similar approaches were explored for the Case IV structure.
Here, the original design resulted in a displacement ductility of
about 8 in the ground level columns, a much smaller, but still

excessive value. ITn this case, two modifications were studied. In
the first, the period of the isolator was kept constant and the
columns were strengthened to insure their elastic behavior. In

this case the columns had to be strengthened by 41%. In the
second case, the columns were not strengthened, but the period of
the isolator was increased to 4 seconds (from 3 seconds).

Results for this study of modifications to the Case IV structure
are plotted in Fig. 7.17. In this figure, the original structure
is indicated by the curve with Tc equal to 3. Again the lateral
digsplacements are only marginally influenced by these
nmodifications. The increase of the isolator period tends to
decrease lateral displacements, whereas strengthening of the
columns tends to increase the displacements. In both cases
ductility, drift and energy dissipation demands on the structure
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decrease dramatically. Ductility demands for the unstrengthened
column with a Tc of 4 seconds were only 2.8.

Thus, the designer has several options for improving structural
response, These options include modification of the FPS connection
characteristics and 1locally strengthening regions of excessive
ductility demand. These options may be particularly useful for
retrofitting existing hazardous buildings. The behavior of the
structure follows trends that would be anticipated on the basis of
earlier results, It should be noted that in the design of an
actual structure, additional ground motions would have to be
considered and appropriate factors of safety would have to be
applied against the occurrence of any undesirable behavior,

7.7 Influence of Structural Strength on Response

In all of the previous examples, the distribution of strength in
the upper stories has been kept the same as that obtained in the
original design of the cost equivalent FPS supported structure.
However, the previous results indicate a number of important

ohservations. First, the distribution of strength with height, as
shown in Fig. 7.2, is biased toward yielding in the FPS
connections. Oonly in the cases with large amounts of deformation

hardening, or substantial higher mode contributions would one
expect the members of the upper levels to yield significantly.
Second, the numerical results show that yielding is generally most
severe for the bottom level. Lastly, the previous examples have
indicated that the total lateral structural displacement is
relatively insensitive to the strength of the structure or isolator
for the same structural period. Thus, one might conjecture that it
would be possible to significantly reduce the strength of the upper
levels of the structure without detrimental effects on overall
seismic performance. To assess this possibility several additional
analyses were made on the basis of the Case V example structure.

In these analyses, various distributions of strength are used
in the upper portions of the structure. The FPS isclators and the
strength of the ground story columns are kept the same as use in
the previous analyses. The new distributions of strength are shown
in Fig. 7.18. The first case is based on the force on the jisolator
when it begins to slide. This value is 618 kips. This was taken to
be a constant for the full height of the structure in case A. In
an attempt to obtain a better estimate of a proper distribution of
strength with height, the strength needed to sustain a Richter
magnitude 6 seismic event (E1 Centro at 35% g) without yielding was
selected as case B. As it was felt that this might result in
excessive ductility demands for the largest earthgquake records
considered, case C was also formulated and taken to be the strength
needed tc keep the structure elastic under the Richter magnitude 7
recent (El1 Centro at 70% gq). The strengths used are summarized
below.

165



Strengths (in Kips) of Various Alternative Distributions

Level Ooriginal Case A Case B Case C

Design EC @ 35%g EC @ 70%g
Roof(3) 1252 618 821 1078
2 2116 618 1043 1200
1 618% 618 % 618+ 618+

* Indicates strength of isolator, actual column strength is
1320 kips.

Case A reflects a 71% reduction in capacity at the second
level. Case B and C represent still significant reductions of 51%
and 43%, respectively, at this level. The effect of such large
changes in strength on overall seismic performance was evaluated in
a series of analyses. Results for these analyses are presented in
Figs. 7.19 and 7.20 along with the results for the original Case V
example structure.

When the variocus alternatives are subjected to the El Centro
record scaled to 70% g, the results are shown in Fig. 7.1%. By
definition, the structure for case C remains elastic for this
design and excitation. With the exception of case A, the various
alternatives have only imperceptible effect on lateral
displacements and drifts. The values for case A increase
associated with significant yielding that occurs in the second
story. 1n spite of the large reductions in strength, ductility
demands increase only moderately, to a maximum of about 1.7 at the
roof for case B and to about 6,7 for case A.

When the El Centro record is scaled to 88% g, response values
increase proportionately, but relative relations between design
alternatives remain constant. Maximum ductilities for the case B
structure are still less than 1.8, in spite of the substantial
reductions in strength. This can be seen in Fig. 7.20.

Based on these analyses it appears that significant savings can
be obtained by permitting controlled yielding in the structure. To
an extent, yielding of the structure can be viewed as a means of
limiting the deformation hardening of the FPS isolator. Once the
structure reaches its ultimate capacity, it cannot take any
additional load. This will tend to limit sliding on the isclators
which must harden to continue sliding. Thus, the structure will be
initially isolated by the FPS connection while it is sliding and as
the structure begins to yield, the slider is no longer needed and
stops sliding. Methods for obtaining a desirable balance between
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sliding in the FPS isclator and vielding in the structure remain to
be determined. However, it is clear that yielding is not
necessarily detrimental to the response of FPS supported
structures, and may have beneficial influences on cost.

7.8 Summary and Conclusions

The response of inelastic multiple degree of freedom systenms
supported on FPS connections was found to follow many of the same
trends which are presented in Chapter 8 for single elastic degree
of freedom systems. Total displacement relative to the ground was
similar for isolated and non-isolated buijldings. It is possible
for a wide range of structures designed in conformance with current
design practices to obtain elastic or near elastic response in all
structural elements except for the FPS connection. Thus the
isolators can be used as the primary elements which provide
ductility and energy absorption. When yielding of isclated
structures was permitted, the response of the structure was found
to be consistent with good seismic performance. Design methods
permitting selective vyielding in the structure are able to reduce
structural strength requirements,

The designer has the ability to control response by
modification of FPS isolator characteristics. This can be used to

achieve improved seismic performance and safety while reducing
overall costs.

While the results presented herein are believed to indicate
general trends, additional analyses are needed tc assess the
detailed influences of other ground motion characteristics,
different types of structural hysteretic models, damping
assumptions, distributions cof stiffness and strength. 0Of course,
more detailed analyses and design studies are warranted to assess
local behavior and the interaction between various design
constraints (live loads, drift limitations, etc.).
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TABLE 7.1 DESCRIPTION OF MULTISTORY BUILDINGS CONSIDERED

STRUCTURAL FPS ULTIMATE BASE SHEAR COEFFICIENT *x*
PERIOD (SEC.) CONNECTORS * 0.08 0.31 0.45
0.25 Case I Case 11 Case III
Period (sec.) 2.0 2.0 2.0
Fric. Coeff. 0.05 0.10 0.10
0.86 Case 1V Case V **x* Case VI
Periad (sec.) 3.0 2.25 2.25
Fric. Coeff. 0.05% 0.10 0.10
1.50 Case VII Case VIII Case IX
Period (sec.) 3.0 3.0 3.0
Fric. Coeff. 0.05 0.05 0.1
NOTES:

* The sliding displacement travel permitted is assumed to be 6.5 inches
in all cases.

** The FP5 connectors begin to slide at a story shear of 309 Xips for an
effective friction coefficient of 0.05 and at 618 kips for an
effective friction coefficient of 0.10.

*x* Case V is the basic case considered in the study.
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CHAPTER 8
SECTION 1 - INTRODUCTION

A systermatic study is presented in this Chapter to identify the influence of
various structural. connector and earthquake parameters on response To clearly
identify the controlling parameters this study is iimited to single degree of freedom
elastic structures supported on deal F.P.S. connectors.

For prelimnary design purposes many responsz parameters, such as total dis-
placements and base shears, can be estimated satistactorily using single degree of
freedom idealizations. Thus, while the result are based on simple structural ideali-

zations, it is expected that many of the results will be applicable to regular multi-
ple degree of freedom systems.

Simulations will be performed for different earthquake ground notions, fric-
tion coefficients and connection periods in order to understand the interrelation
between the different parameters that influence response. When appropriate, conr
parisons between the response of elastic structures supported on F.P.S. connec-
tions and elastic structures without the F.P.S. connections will be made. An immpor-

tant goal of this report is to test analytically the trends ideitified in previous
Chapters.

Section 2 describes a convenient way to model a single degree of freedom
structure supported on F.P.S. connections. In this section an equivalent single
degree of freedom nenlinear structure is used to model the system The equation of
rmotion and the force-displacement relationships for the structure and the connec-
tion { See Fig. 1.1 ) are also studied.

Section 3 derives relations between the response of the equivalent model
derived in Section 2 and the response of the actual structure. Expressions are
presented for the structural drift. sliding and residual connection displacements.
the minimum strength coefficient for the structure to remain elastic, total
acceleration, and sc on. The expressions are normalized to make the results appli-

cable to as wide a range of structures as possible and to facilitate the construction
of nonlinear response spectra.

In Section 4. the response for different parameters, like total displacement,
structural displacement, ratic of structural to total displacement, residual dis-
placernents, maxirmum acceleration, minirmum strength coefficient for the structure
to remmin elastic, etc. is presented. Plots containing the individual responses for
ten different earthquai-es and the mean and coefficient of variation of these

responses are presented in this section. Important interrelationships are described
and trends are identified.

Finally. in Section 5. conclusions are offered and recommnendations for future
research are presented.
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CHAPTER 8
SECTION 2 - EQUATIONS OF MOTION

2.1 Introductiun

In general, a single degree of freedom structure supported on F.P.S. connec-
tions should be mmodeled as a two degree of freedom system, as shown in Fig 2.1. In
rmost cases, however, the mass associated with the connection degree of freedom
wil) be negligible in cormparison with the mass of the supported structure. Conse-
quently, it is desirable to eliminate this degree of freedom from the subsequent
analytical studies. Formulation of an equivalent single degree of freedom model
would resuit in significant corrputational savings and allow existing single degree of
freedom nonlinear dynamic analysis computer prograns to be utilized. Moreover, it
would facilitate identification of the interrelationships between design and
response parameters and development of prelimnary design aids

There are several diFiculties in formulating this simplified model. For example,
the damping character:stics for the structure and for the sliding surface are
different. Structural damping is most likely to be represented as being viscous and
F.P.S. connections exhibit frictional or Coulomb danping.

Befare deriving the equations of motion for the equivalent system, it is con-
venient to imutially ccnsider the force-deformation relations and the damping
characteristics of each portion of the structure. The form of the sinplified equa-
tions of motion and their limitations are then examined.

2.2 ldealization of the F.P.S. Connection

The basic response characteristics of an ideal F.P.S. connection have been
described in Section 1. Hysteretic characteristics are essentially rigid-plastic with
the initial strength governed by the friction coeffrient (v) &nd the deformation
hardening slope governed by the curvature ( r ) of the sliding surface. In reality.
behavior will be somewhat different. For example, while the F.PS. connection will
begin sliding when the applied shear force equals the static frictional resistance,
once sliding commences the shear transmitted wili be a function not only of the
curvature of the slider, but of differences in the dynamic and static friction
coefficients, variations in sliding velocity, dynamic fluctuations in vertical loads and
so on. Fortunately, experimental evidence { 1,2 ) and analytical results ( 3.4.5 ) on
structures supported on muitiple connections indicate that the general shape of
the hysteretic loops in actual structures remain essentially rigid-plastic with the

slope of the linear deformmation hardening still governed by the curvature of the
sliding surface.

Consequently, it is possible to consider, at leasl for the sake of these prelim-
inary analysis, the simple hysteretic idealization shown in Fig. 1.1 where an effective
value is used for the friction coefficient.

This resistance of the connection while sliding can be mathematically
represented by:

Veoy B2 it (21)
| Uy | r

or
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Vs lei"l + kouy (22)
[y |

where ¥ is the total weight of the structure above the connection and w, is
the sliding velocity.
Damping associated with the connection is primerily related to friction or

Coulomb forces. The area within the hysteretic loops ( Fig. 1.1 ) represents the
energy being dissipated.

2.3 Structural Idealization

As indicated in Section 1, only a sinple single degree of freedom system wili be
considered herein. Moreover, the structure will be assumed to respond in the elas-
tic range. As such, its resistance can be idealized as:

Vok(u —uy) (2.3)
in which k is the elastic lateral stiffiness of the idealized structure.

Danping in structures is often characterized as being viscous; i.e., propor-
tional to velocity. Due to the high elastic stiffTness of the structure compared with
the deformation stifiness of the connection, and small mass of the connection
degree of freedom. mess proportional viscous damping will be assumed in this
study. This will substantially simplify subsequent derivations. It should be recog-
nized that by using mass proportional viscous damping, the damping forces are not
proportional to the structural velocities but to the combined velocity of the F.P.S.
connection and structure.

2.4 Equation of Motion lor the Equivalent System

The equation of motion for a single degree of freedom model representing an
elastic structure supported on F.P.S. connections may be written as:

miu(t) + 2mwiu(t) + V(L) = —mi(t) (2.4)
or by dividing through by m,
(t) + 2weu(t) + ﬂmﬁ- = =i (2) (2.5
where

V(t}: Equivalent resisting force.

¢ : Equivalent viscous dampingratio (¢ =2fwm )

For equilibrium it is required that the shear force between the F.P.5. connec-
tion and the structure be the same. Thus, their flexibilities can be combined in the
model considering them as an equivalent serial spring { Fig. 22 ). The stiffnesses
for this equivalent systemare k for the initial branch and &, for the sliding branch.
Considering the F.P.S. connection to be rigid unless it is sliding, the initial stiffness
for the equivalent system equals the lateral stiflness of the structure. For the
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sliding systern, the tangent stiffness of the sliding branch can be established using
the serial spring analogy as:
k= k k, 6
* Ttk (26)

An equivalent period ( 7, ) for the combined systemwhile the F.P.S. connectors are
sliding can be simply derived to be:

T, =2n\/ f‘— (27

and it can cbserved that this equivalent period is a function of the period of the
structure as well as that of the connection { See Figs. 23t024).

k
An equivalent deformation hardening ratio (s) can be defined as — , or

k
ke
s = m (2‘8)
or
1
§ T — (2.9)
1+(T—;)”

The equivalent deformation hardening ratio is a function only of the ratio between
the structural stiflness and the sliding stiffness of the connection. Generally, the
ratio Tc/T would be expected to vary between 1.6 and 30. Therefore, the equivalent
deforrmation hardening ratios generally vary from 0.0 to 0.3.

Figure 2.5 presents this equvalent deformation hardening ratio as a function
of the stiffness of the connection and the stiflness o] the structure. Similarly, Fig.
26 plots s as a function of the period of the connection and the period of the
structure. Usually, the stiffness of the structure is much bigger than the sliding
stiffness of the connectiorn. In this case the equivalent stifiness of the sliding branch
is nearly equal to the sliding stiffness of the connector. Consequently,

s = % (2.10)

However, the exact expression will be used herein.

The value of V(1) in Eq. { 2.5 ) can be computed based on these stiffness values

and the physics of the F.P.S. connection. The resulting hysteretic loops are shown
in Fig. 2.2.

A particularly interesting form of the equation of nmotion is when the friction
coefficient is very small and it ra°. be neglected. In this case, hysteretic energy dis-
sipation is not present so that damping in the equivalent system is due just to the
viscous structural damping. Moreover, in this case the lateral stiflness corresponds

to the sliding branch of the conbined system The equation of motion for this
extrene case becones:

k
W(t) +2wiult) + Su(t) = ~d(t) (2.11)
An equivalent natural frequency ( w, ) and a fictitious equivalent danping ¢*

can be defined for this system as follows :
k.

k
wi':‘Lz_
m m

(2.12)

193



and

oo w o, T
¢ = w, {¢= T ¢ {2.13)
Finally, it can be established that:
UW(t) + 2wy T u(t) + wihu(t) = —t(t) (2.14)

From this expression it can be observed that, when the friction coefficient can
be neglected, the structure tends to behave as an elastic structure with period
equal to the period of the connection and with an equivalent damping coeffiient
which is 1nversely proportional to the period of the structure. Therefore, the F.P.S.
connection tends to shift Lhe period of the structural system to that of the connec-
tion far from the usual resonance range of most ecarthquakes. Morcover, for stifl

structures, where T << T, the cquvalent system behaves as a highly damped sys-
tem

2.5 Summary

It has been possible to represent a simple single degree of freedom elastic sys-
tem supported on F.P.S. connections as an equivalent single degree of {reedom sys-
termn It 1s important to observe that this equivalent system behaves as a well-
defined bilinear elasto-plastic hysteretic system resembling an inelastic structure
with vielding and deformmation hardening. Thus, conventional nonlinear analysis
programs may be used to simulate the seismic response of the combined system

The equivalent system possesses full hysteretic loops, which should be effective
in dissipating seismic input energy. Thus, it is expected that input energy will be
dissipated mainly in the connection, and not in the structure. Since the supported
structure remains elastic in this model, special procedures will have to be formu-

lated to interpret the apparent inelastic deformation { ductility ) demands comr
puted for the cquivalent system
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CHAPTER 8
SECTION 3 - RESPONSE CHARACTERIZATION

3.1 Introduction

As indicated in Section 2, a single degree of freedom elastic structure sup-
ported on F.P.S. connections can be modeled as an equivalent single degree of free-
dom inelastic system with equivalent stiflness and damping characteristics. The dis-
placement cormputed for this equivalent system however, corresponds Lo the iotal
relative displacement of the structure, 1.e, the structural plus sliding displacement.

Apparent yielding of this system related to sliding of F.P.S. connections and not to
structural ductility demands.

Usually, we are interested not only in the total displacement, but in the dis-
placement and shear forces in the structure and the intensity of sliding in the F.P.S
connection. Therefore, it would be desirable to develop direct relations between the

equivalent system responsc and those of the actual structural system and F.P.S.
connection.

In this section, some of the parameters that characterize these response will
be discussed. Before doing this, the equation of motion will be normalized to facili-
tate interpretalion and presentation of the analytical results. Procedures for com-
puting various structural response quantities ( e.g.. drift, shear and acceleration )
and F.P.S connection response values ( sliding displacement ) will then be derived.

3.2 Normalized Equation of Motion

There are many differents ways to normalize the equation of motion for single
degree of freedom systerrs ( 6 ). However, a particularly convenient way for the
purpose of this study is to normalize displacements with respect to the maximum

ground acceleration. To do this, a new normelized response parameter A{t) is
introduced:

Aty = wE) (3.1)
Thus, by dividing both sides of Eq. (2.5) by 1, __ one obtains:
N(e)+2wen()+ 28 - % () (32)
ey, Uy

This equation can be further simplified by introducing another new parameter
relating the characteristic intensity of the ground motion to the characteristic
strength of the structure. This, sliding strength coeffcient {7, } can be written as:
v,
N = —— (33)
Ty,

where V; is the initial sliding force for the equivalent systemm{ V,y =vW ). There-
fore, one can also write:

Mot = (3.4)

Y...
g
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The hysteretic loops can be normalized { Fig. 3.1 ) as:

p(t) = -Y-V(t-l (3.5)
sl

or similarly
V(¢
o) = —LEL
MMy

From these expressions a normalized equation of motion can be written:

(3.6)

X()+2w k() +mup(t) = 2 (37)
Therefore, any system with the same structural period, damping coeffrient,
strength coefficient, and hysteretic loop shape subjected to the same earthquake
record., will have the same normalized response so long as the sliding strength
coefTicient is the same. The influence of the connection period, T, , on the response
is accounted for in the sliding slope of the normalized hysteretic loops. To maintain

the same hysteretic loop shape the value of % must be kept constant in any comr
parison.

Normalizing the equation of motion in this way permits cne to plot the
response for many different systerrs in a effrient way. In general, normalized
charts can be prepared for a variely of normalized response quantities. For exanr
ple. plots of maxirmum normalized structural displacements ( A, ). normalized
structural shears { n, ) and accelerations ( A ) can be easily generated for any
structure with a given period of the connection, damping coefficient and sliding
strength coeffcient subjected to a particular ground motion.

Examples of such normalized response spectra plots are shown in Figs. 3.4 and
3.5 Before looking at these plots in detail consider first, for exarmple, the response
of a structure such as that of Fig. 3.2 supported on F.P.S. connections with a period
of 3 seconds and a friction coeffkient equal to 0.04. The equivalent damping
coeffivient is 0.05 and the structural period is taken to be 0.5 sec. This system will
be excited by the NS component of the 1940 El Centro earthquake scaled to 0.4 g.

The displacerment and accelerations time histories and the hysteretic loop for
this structure subjected to this particular earthquake are showed in Fig. 3.3. This
shows a predominant displacement oscillation at about 0.5 sec with intermittent
large displacement cycles with much longer apparent periods. The accelerations in
the structure are effectively limited by sliding of the F.P.S. connectors. The hys-
teretic loops are bilinear and indicate substantial numbers and magnitudes of slid-
ing excursions.

The normalized equations can be used to assess peak response values for

other structures as well. To do this the sliding strength coeffcient for this system
must be first computed:

_ v _ 004 _
Mat = t, 04 =01
g

Using the normalized plots of Figs 3.4 and 3.5, prepared for ranges of T between 0.1
and 2 sec., sliding strength coefficients ranging from 0.1 to 0.3 and datmping of 0.05
of critical, it can directly be establish that the maximum total displacement and
acceleration for the mass of the example structure is:

Upag = Aax iy = 0.0184392.4
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Ux = 7CMNS.

This is in agreement with Fig. 3.3. Furthermore, Fig. 35 can be used to estimate
maximum acceleration:

tmy = Amax i, max = 023 *394 4crn / sec/ sec

Upey = 90 cm / sec / sec

which is again in agreement with the results in Fig. 3.3.

It must be observed that the maximum total displacement for a similar elastic
structure but without the FP.S. connections will be similar However, the maximum
total accelerations sustained will be increased 11 times.

If the friction coefficient and the maximum ground acceleration are both
increased by a factor of two so that the sliding strength coeffeient ( ng ) remains
constant, the normalized response values originally obtained would still remain the

same. However, the actual total displacement and acceleration of the rmass will be
twice the original ones.

3.3 Shear Force and Structural Displacement

The maxirmum structural displacement and shear force can be obtained con-
sidering that the force on the structure, the force on the connection and also the

force on the equivalent system are the same. Moreover, for the maximum response
it can be established:

Umax = uwl_“ g (38)

So long as the structure remains elastic the maxinmum structural displacement is
given by:

Uy = (3.9)

where Vi, is the maximum shear in the structure. The sliding displacement is
thus given by:

_ Viax—v¥
Uy = W (3.10)
r
Therefore, the maximum total displacement is:
_ Veax | TViax
U ax = k + W vr (3.11)
or simlarly
_ Umax VT Uy HUT
Vix = kW Wik s - k L ET (3.12)

W
Dividing both sides by the maximum acceleration and taking into account that
r=g( #}2 it can be established that:

(ot 22— LE Vg,

anx - [ 11 ( 3‘") (3 13)
‘u'-n 1+% ..



or

T om
_ A rmax+ 7t 5""-)21-‘3

;“' = - (3.14)
- ax _E- 2
1+(=5)
Sirrilarly.
A
1% k)\rmx""?st(T) m
ﬁv’“‘“ = 7 (3.15)
- _c 2
14( T)
A convenient form of this expression is:
ny = JmeeZ7) 2 T (3.16)

¥,
Where ( 1 = ';;' } 1s the minimum strength coefficient required for the structure
to remain elastic.

The importance of this expression is that it directly relates the minimum
strength coefficient for the structure to remain elastic with the maximurmn total dis-
placement for the combined system This equation will permit some general obser-
vations to be developed regarding the behavior of this sumple system For examnmple.
Newmark and Hall ( 8 ) have noted that, with the exception of short period strue-
tures, maximum lateral displacements of elastic and inelastic systens are similar
and tend to increase with increasing structural period. If we accept these observa-
tions, Eq. 3.16 will indicate that for a system with a given period for the connection,
period of the structure and damping coeffirient, the minitmm strength coefficient
required in order to maintain the structure in the elastic range will be reduced if
the sliding strength coeffkient decreases(or similarly the friction coeffrient is
reduced). On the other hand, for a system with a given connection pericd and slid-
ing strength coeffcient, if the period of the structure is increased usually the max-
irmam total displacement will increase. In this case, however, the shear force can
either increase or decrease. This is because the numerator and denominator of Eq.

3.14 both increase. From Eq. 3.14 the maxirmum structural displacement can be
written by dividing by k as:

Am*'ﬂa(%b; 2
g = ———

3.17)
142y (

It is interesting to observe that if the friction coeffcient is small in this equa-
tion. the term ny( E:r-)a can be neglected compared with the normlized maximum
total displacement and the maximmum structural displacement can be simply written
as:

A ___ Amax

(3.18)
.‘.!I 1 +( %)z

From this expression it can be directly observed that if for a given structure the
period of the connection is increased, the structural displacements will be reduced.

This is true because Ay, does not change tooc rmuch with 7, and Tis increased.
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On the other hand, it must be observed that, the maximum structural displace-
ment is always smaller or at most equal to the maximum total displacement. The
latter case tends to occur as the period of the structure is increased.

3.4 Summary

In this section the equations of motion have been normalized with respect to
the maximum ground acceleration. This is a convenient way to present and inter-
pret the analytical results. It should be noted that not only accelerations but dis-
placements or forces were normalized using the maximum ground acceleration.

Expressions have also been established that directly relate the maximum total
displacement for the equivalent systern and the maxirmum structural displacements
for the real structure. These are important relations because permit the interpre-
tation of the structural response through the behavior of the nonlinear equivalent
system Expressions that directly relate the minimum strength coefficient required

for the structure to remain elastic and the normalized maximum total displacerment
have also been derived.
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CHAPTER 8
SECTION 4 - ANALYSIS OF THE RESPONSE

4.1 Introduction

In this section the principal response parameters of a single degree of freedom
elastic structure supported on F.P.S. connections will be considered. Charts con-
taining normmlized maxirmmm total displacements. maximum structural displace-
ments, ratios of structural to total displacements, maximum total accelerations,
rminimam structural strength coefficients necessary for the structure to remain
elastic, and residual displacements will be presented.

These charts will be presented for different periods of the connection and ten
different earthquake records. Eastic structures with periods ranging between 0.1
and 2.0 sec were considered. Mass proportional viscous damping equal to 5 % of
critical was assumed for all the analysis. Connection periods of 2 and 3 secs were
considered. The earthquakes selected for the simulation were: El Centro (1934), E
Centro (1940), Helene, Olympia and Taft events. Two horizontal components from
each event are used in the analysis. These records were considered as representa-
tive of typical moderate earthquakes ground notions on firmn soil conditions. Mean
values and coefficients of variation for each response parameter are also plotted
and evaluated. For comparison purposes, results for similar elastic structures not
supported on F.P.S. connectors are plotted were possible on the figures as solid
lines .As discussed later, the EW conrponent of the 1940 El Centro record produced
anomalous results and was not considered in the statistical evaluation.

4 2 Maximum Total Displacement=

The total displacements of the equivalent single degree of freedom system
correspond to the structural displacement plus the slidding displacement. They do
not include the ground displacement. Plols of maximum displacement normalized
by peak ground acceleration are shown in Figs. 4.1 to 4 20 for connecticn periods of
2 and 3 secs and ten earthquake records. According to Newmark and Hall (8 ), the
total displacement of a nonlinear system, regardless of strength, tends to approxi-
mate the elastic relative displacement response of an elastic system provided the
period of the structure is relatively long. This tendency is observed in Figs 4.1 to
4.20 for structures with a pericd greater than about 0.5 secs.

In general, the total displacements are observed to increase with period. If one
only considers periods gre- 'er than about 0.5 secs, the sliding strength coefficient -
at least for the range of values considered in this study - does not influence the
total displacements too much either. Thus, for preliminary design purposes it may
be possible to estimate conservatively the total displacements of an FP.S. elastic
system with a period greater than about 1/2 seconds from arn elastic displacement
spectrum

As was established in Eq. 2.9, there is a direct relation between the period of
the connection and the equivalent strain hardening of the system if the period of
the connection is increased the strain hardening is reduced. The results shown in
Figs. 4.1 through 4.20 show that the influence of the strain hardening ( or the

pericd of the connection ) on the total maximum displacement is not too irmportant,
at least for the range of values considered.



It can also be observed from Figs. 4.1 to 4.20 that there is a total displacement
anplification region corresponding Lo short period structures. This region varies
according to the record, but it corresponds generally to periods less than 0.5 secs.
In this region, if the strength coefficient { or the friction coefficient ) is decreased,
the total displacement is increased. This is consistent with Newmnark and Hall's
observations which suggest that for elastic-perfectly plastic systems the displace-
ments in this period range increase according to:

u :‘uw\/z# -1 (4.1)

Where
u : Corresponding displacement of a completely elastic system

u, : Yielding displacement

u
u : Ductility ratio ( —)

The effective yielding displacement for the equivalent system considered here
in can be defined as:

(G ) (42)

Equation 4.1 1s based on cqual cnergy absorption for the elastic and inelastic
systerrs. A simlar expression but for a bilincar moedel with deformation hardening
can be obtained as:

u = uv\/zu—H(u—l)zs (4.3)

The maximum displacement of the system can be estimated by noting
Uy = 4 Y, . It is convenient to note that if this expression is divided by u‘,m nor-

malized quantities can be used instead of particular ones.

Consider, for example, a structure with a structural period equal to 0.25 sec
supported on F.P.S. connections with a period of 2 sec. and & sliding strength
coeffcient equal to 0.1. The equivalent strain hardening for this system is, accord-
ing to Fig. 2.6 or Eq. 2.9 equal to 0.0154. When this structure is subjected to the NS
component of the 1940 El Centro earthquake, the normalized maximum elastic dis
placement can be obtain from Fig. 4.11. It is equal to .003 sec®. The normalized
yielding displacement according to Eq. 4.2 is equal to .000158 sec?. Therefore, a
quadratic expression resalting from Eq. 4.3 can be solved for the normalized ductil-

ity ratio. This expression would predict an apparent ductility ( x4 ) equal to i = 102
Therefore,

Ymex o 1022000158 = 016sec?

From Fig. 4.11 the exact value is 0.015 sec?. As can be observed, for this case. this
expression provides a good estimate; however, the quaity of this result varies
according to the particular earthquake. Nevertheless, this expression provides a
reasonable way to estimate the maximumtotal displacement for stiff structures.

The mean values of maximum total displacement for the nine records con-
sidered are shown in Figs 4.21 and 4.22. The trends observed for mean values are
very similar to the responses for individual records. There is an initial amplification
region and afterward total displacernents increase linearly with structural period.
The responses for 7, = 2 sec and 3 sec are, in general, very similar.
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The coefficients of variation are always smaller than 0.45. They are nearly the
samme for T, =2sec. and 3 sec. ( see Figs 4.23 and 4.24).

4.3 Maximum Structural Displacements

From Figs 425 to 4.44 can be observed that Lthe maximumn computed struc-
tural displacement tends to vary like a parabolic function of the peried of the
structure. In general, its shape is smooth and similar for the different carthquake
records considered. For short period structures the maximum structural displace-
ment is very small and always increases with the period of the structure. The max-
imum structural displacemment for a system supported on F.IS. connections is
always smualler than the maxirmum structural displacement for a similar structure
but without the connection. The structural displacements tend to approach the dis
placement response of an elastic structure at large structural periods.

It is important to note that if the sliding strength coefficient ( or the friction
coefficient ) is reduced the structural displacements are reduced. This is nearly a
general observation. However, it 1s not observed for the EW component for the 1940
Fl Centro earthquake ( Fig. 4.33 ). For this earthquake the maximumstructural dis-
placements tend to be similar for different sliding strength coefficients. Moreover,
sometimes they are bisgger for the smaller sliding strength coefficient. This
anomalous result seerns to be caused by the presence of an initial long pulse in the
earthquake record. Nonlinear structures in general are particularly sensitive to
this type of loading ( 7 ).

If the period of the connection is increased { or the equivalent strain harden-
ing is reduced ) the structural displacements will be reduced. This means that the

flatter the sliding surface the smaller the structural displacements, and the larger
the magnitude of sliding.

As long as the structure remains elastic, there is a direct relation between the
shear force in the structure and the structural displacements. Therefore, the
trends for these Lwo response parameters are related as shown subsequently.

Mean values and coefficients of variation for the maximun structural displace-

ments are plotted in Figs 4.45 and 4.46. They show the same trends noted above for
the individual records.

Mean values and coefficients of variation for normelized sliding displacements
are also shown in Fig. 4.47 and 4.48. As would be expected from the previous infor-
mation thesc values increase initially with period, but remain practically constant
for structural periods greater than 0.5 sec. Sliding displacements are inversely pro-

portional to the friction coeffrient and slightly proportional to the connection
period.

4.4 Ratio of Structural to Total Displacements

The ratio of structural to total displacements indicates how rmuch of the total
displacements are sustain by the structure. The smaller the value of this ratio the
mmore effective is the F.P.S. connection in isolating the structure from the earth-
quake. For structures with a natural period greater than about 0.5 seconds this
ratio also indicates the reduction in response relative to that of an elastic noniso-
lated structure.

From Figs. 449 to 4.68 can be observed that this ratio tends to vary like a
increasing linear function of the structural period. This ratio is of course always



equal or sgaller than one. If the structure does not slide this ratio is equal to one.
It should be noted that for the ground motions considered Lhe total displacement
of short period structures 1s mainly due to the sliding displacement while that of
long period structures is mainly due to the structural displacement. Therefore,
cnergy is dissipated most effectively at least for the ground motions considered
here by the connection mainly for short period structures.

These charts are plotted for constant strength of the connectors. Thus, cne
would expect long period structures to require weaker connectors { lower [riction
coefficicnts ) to develep the same degree of sliding. If the sliding strength
coefficient is reduced this ratio of structural to total displecement is reduced and
1its shape becomes more smocoth { Fig. 4.49 to 4.68).

If the period of the connection is increased the ratio 1s always reduced. This is
due to the fact that the total displacements are not considerably influenced in the
long period range either by the period of the connection or by the sliding strength
coefficient. Thus, by the physies of the connector behavior, the structural displace-
ment must always be reduced, if the period of the connection is increased or the
sliding strength coefficient Is reduced. .

Mean values ana ceoefficients of variation are plotted in Figs. 4.69 10 4.72.

4.5 Residual Digplacements

The residual displacement in the F.P.S. connection 1s an important parameter
because it provides information on the offset present after the earthquake. The
structure will have zero residual displacement due to its elastic behavior. Figures

4.73 0 4.94 represent the absolute value of this residual displacement for ten
different earthquakes.

As expected, the residual displacements vary considerably between records. It
should be noted that the sliding strength coefficient - at least for the range of
values selected here - does not influence too much the maximum value of residual

displacements. Moreover, they are reduced if the period of the connection is
reduced.

The coeffrient of variation is bigger for residual displacement than for the

other response parameters. It is similar for periods of the connection of 2 and 3
secs { see Figs 49510 4.96 ).

From Figs. 477 to 4.80 can be obscrved that a structure supported on F.P.S.
connections with normalized sliding strength coefficients of 0.2 or 0.3 subjected to
Helena earthquake will not have residual displacements. This is because the struc-
ture slides but after some cycles it stop near the zero offset position and continues
to vibrate elastically around the neutral position.

4.6 Maximum Total Acceleration

Total acceleration is an important response Quantity as it is an indication of
the shear developed in the structure. It alsoc relates to the forces that can be
imparted to attached equipment.

As established in Eq. 2.14 when the friction coefficient is sufficiently small to be
neglected, a structure supported on F.P.5. connections can be modeled as an elas-
tic structure with modified damping and stiffness coefficients. The structural period
is shifted to the period of the connection. The total acceleration response for this
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case could then be obtayi‘ned from an elastic response spectrum for the modified
amount of damping, ¢°= —,l‘;g

From plots 4.97 to 4.116 it can be observed that the maximum total accelera-
tion tends to be a stmooth decreasing function of structural period. For T greater
or equal to 0.6 sec the total acceleration is almost constant. For a sliding strength
coefficient equal to 0.1 this constant value is close to the maximum total accelera-
tion of an elastic structure with a periad equal to the period of the connection.

If the sliding strength coeffient is reduced the maximum total acceleration is
always reduced. It is important to observe that if the period of the connection is
increased the total maximum acceleration always decreases. It is also important to
note tha' the maximum total acceleration for a structure supported on F.P.S. con-
nections is considerably reduced with respect to the maximum total acceleration
for the same structure but without the F.P.S. connections.

It is conuvenient to observe that if the sliding strength coefficient is increased
the variation of acceleration tends to be nmore jagged. On the other hand. if the
sliding strergth coefficient is increased the differences in the maxinmm total
acceleration for connections with periods of 2 and 3 sec. are smaller. This is
predictable because by increasing ng the system tends to behave as an elastic one,
i.e the period of the connection has less influcnce.

The mean values for connection periods of 2 and 3 sec. can be observed in
Figs. 4.117 and 4.118. They have similar trends as for the individual records. The
cueflicients of variation ( Figs. 4.119 and 4.120 ) is not considerably affected by the
sliding strength coefficients and varies from0.1 to 0.2.

4.7 Structural Strength Cocflicient

The structural strength coefficient 7, is an important parameter because it
directly provides the design forces required for the structure to remain elastic.
From Figs. 4.121 to 4.140 can be observed that the structural strength coefficient
initially increases with period and afterward is nearly constant with period.

Like trends for maxirmum total acceleration. increasing the period of the con-
nection always reduces the structural strength coefficient. Thus means that the
flatter the sliding surface, the smaller the design forces in the structure. Moreover,

if the sliding strength coefficient ( or the friction coeffcient ) is reduced, n,, is also
reduced.

Figures 4.141 and 4.142 present the mean structural strength coefficient.
These are plotted along with the equivalent 1985 U.B.C. requirements ( 9 ). Here,

N =0 ZICSK-—I—

where Z = 1 ( location # 4 ). | = 1 ( normal occupancy ). K = 0.67 ( ductile moment
resisting frame ). S = 1 { soil profile 5; }.. Furthermore, the factor a = 1.5 is taken
as to account for likely overstrength of UB.C. designed structures and the
difference between working stresses and ultimate strengths. The maximum
acceleration level select for this comparison was iy = 0.4g. It can be observed
that for short period structures the forces develop on a structure supported on
FPS. connections are smaller than the forces required by the UB.C. For longer
period structures this is not the case. However, it should be recognized that while
the forces required by the U.B.C. are based on reduction due to ductility { damage )
the forces required herein for the F.P.S. supported structures correspond to no
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yielding in the structure. Moreover, structures designed according to the UB.C. are
often substantially stronger than required. Thus, the strength of structures need
no necessarily be increased over conventional design values if can be demonstrated
that the structure has adequate strength. Even weaker structures may be con-
structed provided yielding is acceplable in the structure and details to provide the
requirec ductility can be employed.

It 1s interesting to note that if the sliding strength coeffient is increased the
differences between the structurel strength coefficient, for connection periods of 2
and 3 secs are smaller. In the other hand, if the connection period is increased, as
expected, the coeffcient of variation will be reduced { Figs 4.143 and 4.144 ). This is
because in the limiting case of a flat sliding surfacc the maximum force that can be
transmitted is the friction force and therefore the coefficient of variation would be
in this case equal to zero. It should also be noted that as far as there is a direct
relation between the structural displacement and the shear force the coefficient of
variation is the same.
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CHAPTER 8
SECTION 5 - SUMMARY AND CONCLUSIONS

Analytical studies for a single degree of freedom elastic structure supported
on F.P.S. connections were carried out. Simulation for different earthquake ground
moetions, friction coefficients and periods of the connection were done in order to
understand the interrelation between the different paramcters that characterize
the response. When approprate, comparisons between the response of elastic

structures supported on F.I'S. connections and elastic structures without the
F.P.S. connection were made.

A single degree of freedom elastic structure supported on F.P.S. connections
was modeled as an equivalent single depree of freedom nonlinear structure. The
fundamental period for this isolated structure while siiding was shown to be similar
to be the period of the connection. The equivelent damping coefficient for systerms
with very low friction coeffcients was shown to be directly proportional Lo the origi-
nal stifIness of the structure.

The response for this equivalent system was related to the response of the ori-
ginal structure. Expressions were derived that directly relate the structural drift or
the mimmum strength coeffricnt for the structure to remain elastic to the max-
imum total displacement of the equivalent structure.

The total displacernents of FP.S. isolated elastic structures were observed to
increase with structural period. Total displacements are very similar to ( or slightly
smaller than ) the displacements for an elastic structure without the connections,
except for short period structures. A simple expression that permits evaluation of
the expected total displacements in this short period anplification region was also
derived. In general, total displacement is not influenced by the friction coeffcient
or by the period of the connection in the moderate and long period range, whereas
both of these parameters are important for short period structures.

The meximum structural displacement for a system supported on F.P.S. con-
nections is always smaller than the maximuin structural displacement for a simlar
structure without the connection. In fact, as the experimental report ( 1 ) also
showed previcusly, they tend to be equal as the structural period tends toward the
period of the connection. If the friction coefficient 1s reduced, structural displace-
ments are also generally reduced. Moreover, if the peried of the connection is
increased, the structura! displacements are reduced.

For structures with a penod greater than about 0.5 sec. the maximum sliding
displacement tends to be constant with the structural period. For periods less than
about 0.5 sec, the sliding displacement is cbserved to usually increase with period.
If the friction coefficient is reduced, this sliding displacement is increased. More-
over, in general if the periocd of the connection is increased, the sliding displace-
ment is increased.

The ratio of structural displacement to total displacement is reduced, if the
sliding strength coefficient is reduced. If the period of the connection is increased.
this ratic is always reduced. It should be noted that the ratio for elastic structural
systems increases with period in the long period range when the strength of the
connectors is kept constant. Thus, one would expect long peried structures to
require weaker connectors ( lower friction coefficients ) to develop the same degree
of sliding.

The residual displacements are, at least for the range of values considered in
this study, constant with the friction coeffient. However, in general, they are
reduced, if the period of the connection is reduced.
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The maximum total acceleration tends to be a smoothly varying function of
the structural period, and it always decreases with it. It 1s almost constant for
periods greater than aboul 0.6 sec. For small [riction coeffcients, this constant
value tends to equal the maximum total acceleration for an elastic structure with
a period equal to the period of the connection lf the perniod of the connection is
inc.eased the total maximum acceleration always decreases. Moreover, if the sliding
strength coefficient is reduced, the maximum total acceleration is always reduced.

It 1s umportant to observe that, if the pernod of the connection is increased,
the munirmum structural strength coefficient for the structure in order Lo remains
elastic is always reduced. If the sliding strength coefficient . or the friction
coefficient, is reduced this structurai strength coefficient is also reduced

It 1s apparent that there are a variety of interrelationships between response
and design parameters. Consequently, sing'e optimal design will not likely be appli-
cable to all situations. For example, if hmits on sliding displacements need be
imposed, this can be achieved by utilizing lower period connectors or connectors
with higher friction coefficients. However, in this case higher shear and accelera-

tions would result. These relations and the consequences of such tradeoffs are
clearly shown in this report.

Additional rescarch is needed to extent this wark by incorporating more real-
1stic damping moedels and particularly accounting for the effects of structural yield-
ing. Extensions to multiple degree of freedom systemns would be especially useful.
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CHAPTER 8

SECTION 7 - NOTATION

: Acceleration of Gravity.

: Lateral Stiffness cf the Struclure.

: Stiffness of the Connection (W / r ).

: Fquivalent Stiflness.

: Radio of Curvature.

: Equivalent Deformation Hardening Ratio.

: Period of the Structure.

: Equivalent Period { 7, =27 °\/ -;l)
L

: Period of the Connection ( 7, =2n '\/—3),

: Total Displacement
: Total Velocity.

. Total Acccleration.

Sliding Displacement.

ug (¢) : Sliding Velocity.

: Structural Displacement.

: Residual Displacement.

Ground Acceleration.

: Peak Ground Accelcration.

: Shear force.

: Sliding force (v # ).

: Total Weigth of the Structure.

: Natural frequency of Vibration { Hz ).

: Fquivalent Natural frequency of Vibration ( Hz ).
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A : Normalized Displacement ( E&L ).

-

‘Uf-f(t) ).

-an

Az Normalized Structural Displacement {

t
A+ Normalized Sliding Nisplacement { -ui“—{-l

Faes

).

A, : Normalized Residual Displacement ( u,, ).

A : Normalized Total Acceleration ( E—“—l ).

v : Friction Cocfficicnt.
¢ - Damping Coefficient.
715 Sliding Strength CocfTicient ('r),l:f—u—).

g

Virex
Tt : Structural Strength Coefficient { —"”',’- .

p(t) : Normalized resisting Force (-I%ﬂ)
st
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Appendix A

Design and Analysis Calculations, and Analytical
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2. Redesign for Isolated Structure
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Section 1: Check Original Design
}
Clicle opedel Demian] of  Oreeetole ol 1L 1y

Eroul oF Tie lon)- ewlaTer  Structure

Pemal <@ Teain- le \qge
<= Brkes] z2-lo |\zo6)
1ol mroid

Vo1 olis1lae [ L - o144

%;@J ar r'YaMg\']" Fesr's

L
! I
fe v v ? -
—_—
Wb
FL—&—— o~ N
-n
Ly
L il
Y
A
teidad L g > P _.__n‘.__
C T
212 150 24,5
1 a L

2z
TeedTery 222s Pep fl»"’f?-' b'llc?r.;"4 /F‘ZBMT‘—

art

e

1% [Fee] = %‘5“'
1aaLrTo] = %8)

e

"

loms[ o] = Y8
&2

N2 oiklner]s 24"
o YwH
i L:’Jﬁ

r = Mﬂ - 4¢|z
z G0 620

Ll e

Voloa1 4] - gt
F'_"—-- |19

w620
256



4
bt Woe-tiw Te = 422"
Coulmn \J‘&-'?xljffa Te= Gewo
» - 1 K B \ *
o colls 16,% 2[1510s) |97+ L o

1 e ay

2%
___+.. . — - —
_bog e
11t q,z T
pnl S b [ s
~—

ame | Erm 5]
e[ e e e D . )
+ ﬁsg‘;‘: [ra1] 4 'ﬂ";h‘f; 21 s] + '7;.5_1;1 [ a]}

2 I’L‘l5+ 54‘95 |‘|.90||'\,.‘"=,-] t
[11”’ g : “99e J’t‘lno- = o8%%

257



\2e R L

- \

O\¢p 733

“* ZL*Z{“’%.W 105 g+ 22l gyt
'.5‘

22 ]

(425

_ Aeo L 280}, glo,
Z[ WTo, | Er. T BT, J

.,alj— + 20l +‘?%2°—]tveei*03*

e 2470
rlwy
BVE.
_ ,
Al.. 2252 0.6 2 oooSHw = 0-09‘5‘.“5\{0»@71['3)
T 2" VAC
Allownbl e
ol Orif
Gl ©
Level

b2 6-81x22 [osmr03v2 = 002"

2 0.005 [y = ,.oas(xﬂi 0.61)(1)
= 052"

T~ 6/
Allewnb/ e
ok riy

258



glcle Copec\ Ty of prearq

T w o l‘lﬁ:’””l

- 1"7‘“1"1 2 L 119%™

o [ s
+

2z
,#_‘ P e W 21osln] ", oa*
|z l2
|

= -

H
- k
MWL‘ 2221005 * 122

)
é-_-, ﬁs —‘%[w] > ?w‘d
< EXATALEA|

Nbo:t o &=%19.3 ok

.

259



Section 2: Redesign for FPS Isolated Structure
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Section 3: Check SEAONC Isolation Guidelines
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Section 4: Cost Estimates
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Section 5: Dynin Model of FPS Non-Isolated and Isolated Building
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Section 6: Response to Magnitude 5 Earthquake
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Section 7: Response to Magnitude 6 Earthquake

RESPONSE SPECTRA
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Section 9: Damage Estimates
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